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ABSTRACT
LINEARLY EXTENDED PYRYLIUM SALTS (LEPS) AND LINEARLY EXTENDED
THIOPYRYLIUM SALTS (LETS) AS ORGANIC SEMICONDUCTORS
By
Jianyu Zhao
University of New Hampshire, September, 2016
Research focused on the development of a new class of n-type organic semiconductors
called linearly extended pyrylium salts (LEPS) and linearly extended thiopyrylium salts (LETS).
While a lot of progress has been made on p-type organic semiconductors over the last decade,
less attention has been paid to n-type organic semiconductors. Pyrylium and thiopyrylium
cations are aromatic structures akin to benzene but with one methine carbon (CH) replaced by
either a positively charged oxygen or sulfur atom, respectively. This makes these aromatic πsystems very electron-deficient. With pentacene-like backbones, LEPS and LETS compounds
combine linearly conjugated π-systems of acenes with the highly electron-deficient nature of
pyrylium and thiopyrylium salts. The LEPS and LETS compounds described here were
synthesized efficiently using new reactions. Their properties were calculated through high-level
computation and studied experimentally by UV-Vis-NIR spectroscopy, cyclic voltammetry, single
crystal X-ray diffraction, ESR and variable temperature NMR (VT-NMR) experiments.

xxiv

The LEPS and LETS compounds described here show moderate to high solubilities in
organic solvents like acetonitrile and dichloromethane. While they are resistant to oxidation
due to their electron-deficient backbones, they are sensitive to nucleophiles like water. LEPS
and LETS compounds with a mesityl or 2’,6’-dimethylphenyl substituent have much higher
resistance to moisture compared to other LEPS and LETS compounds due to shielding of the
reactive site via the o-methyl groups of the phenyl substituents. LEPS and LETS compounds
have broad absorptions in the UV-Vis-NIR region and possess small HOMO-LUMO gaps close to
that of pentacene. They also exhibited reversible electrochemical behavior including
remarkably easy reductions. Single crystal X-ray diffraction studies show that LEPS and LETS
compounds form intermolecular face-to-face π-π stacking thin films. Broad and indiscernible
NMR signals in the aromatic region and strong ESR signals were detected for LEPS and LETS
compounds bearing a mesityl substituent. Weak to moderate ESR signals were also observed
for most of other LEPS and LETS compounds. The broad aromatic NMR signals for LETS 106
bearing a mesityl substituent in CD2Cl2 sharpened upon gradually decreasing temperature in
VT-NMR experiments. This indicates a switch from a paramagnetic triplet state to a diamagnetic
singlet state. We propose that the LEPS and LETS compounds showing strong ESR signals and
broadened NMR spectra have paramagnetic, triplet excited states that lie close in energy to
their corresponding diamagnetic ground states. In these cases, populating the paramagnetic
excited states via the thermal excitation is possible at or near room temperature.

xxv

CHAPTER 1
Introduction
1.1 Background
Semiconductors are materials that have conductivity between conductors like iron and
insulators like glass. Semiconducting materials play important roles in the modern electronic
industry. Elemental and compound materials are both important types of semiconductors.
Inorganic semiconductors are most commonly applied in industrial manufacturing. A
variety of inorganic elements and compounds have semiconducting properties. Examples
include the pure elements silicon and germanium, binary compounds gallium arsenide and
silicon carbide, some oxides and alloys. 1
Organic semiconductors are organic molecules or polymers with π-conjugated aromatic
backbones that are capable of transporting charge and interact effectively with light. These
systems can function in similar ways as inorganic semiconductors in opto-electronic devices.2 A
lot of research has focused on organic semiconductors in recent decades. Although organic
semiconductors exhibit comparable or lower electrical performance relative to inorganic
semiconductors such as amorphous or crystalline silicon, they have other advantages. The
structural versatility of organic semiconductors allows for property modification through
synthetic tailoring. Also, they can be processed in either the vapor or solution phase during
fabrication of the electronic devices. Moreover, they have good compatibility with different
substrates including flexible substrates like plastics. Furthermore, because they can be solution-
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processed, they can achieve high-rate manufacturing over large areas. Low cost and flexible
next generation electronic devices with low power consumption, manufactured at high rates
and over large areas, could all be realized using organic semiconductors.3
1.2 Organic Semiconductor
1.2.1 General characteristics
Holes and electrons in π-orbitals are the typical charge carriers in organic
semiconductors. Charge transport typically depends on the ability of charge carriers to move
from one molecule to another, which depends on the energy gap between highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) levels. The smaller
the HOMO-LUMO gap is, the easier the charge carriers can move. Increasing conjugation for
molecules will decrease the HOMO-LUMO gap, so organic semiconductors typically have highly
conjugated molecular backbones.4 Electrons and holes transport in the overlapped π-orbitals of
the backbone. The backbone typically comprises alternating single and double bonds. The p
orbitals of the sp2 hybridized carbons in the backbone overlap with each other to form a planar
conjugation system, which enables the charge carriers to transport inside and conduct the
charges (Figure 1). 5 For bulk materials in thin film applications, charge transport takes place in
the overlapped π-orbitals of the neighboring organic semiconducting molecules when the
crystalline film forms. Charge transport happens with thermally activated doping and tunneling
between organic semiconducting molecules when the amorphous film forms.6
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Figure 1: Conjugation systems of organic semiconductors with overlapped p orbitals.
1.2.2 Classification
1.2.2.1 Classification by molecular size
According to the molecular weight, the organic semiconductors can be classified as
polymer organic semiconductors and small molecule organic semiconductors.
Polymer organic semiconductors typically comprise coupled aromatic monomer units,
with extended π-conjugation along the polymer backbone. Aliphatic side chains can be
attached to the backbone to increase the solubility.7 Polypyrrole 1,8 polyacetalene 2,9 poly(3hexylthiophene) (P3HT) 3,10 and poly(p-phenylene vinylene) (PPV) 411 are well-known polymer
organic semiconductors (Figure 2).

Figure 2: Chemical structures of common polymer organic semiconductors: 1 polypyrrole; 2
polyacetalene; 3 P3HT; 4 PPV.
Small molecule organic semiconductors generally have planar and highly conjugated
backbones which are essential for lowering the HOMO-LUMO gap and promoting good
3

intermolecular π-π stacking for effective charge carrier transfer throughout the thin film of the
material.12 Acenes 5,13 oligothiophenes 6,14 porphyrins 7,15 fullerenes 8,16 and perylene diimides
917 are typical examples (Figure 3).

Figure 3: Chemical structures of common small molecule organic semiconductors: 5 acenes; 6
oligothiophene; 7 porphyrins; 8 fullerenes; 9 perylene diimides.
For the small molecule organic semiconductors, pentacene 1018 is among the most
widely explored molecules. Pentacene is a five ring acene possessing a linearly extended πconjugated backbone. Thin films of pentacene possess relatively low band gaps (2 eV) and
high charge carrier mobilities (up to ~ 3 cm2V-1s-1).4 Thin films prepared from other five-ring
PAH (polycyclic aromatic hydrocarbon) molecules that lack the linear annelation of pentacene
possess larger band gaps and smaller charge carrier mobilities, making them less interesting
from an electronic applications perspective. Due to pentacene’s poor solubility and facile
photodegradation in the solution phase, pentacene derivatives bearing solubilizing and
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stabilizing substituents, such as thiolated pentacenes 1119 and silylethynyl pentacenes 1213
were developed (Figure 4).

Figure 4: Chemical structures of pentacene and its derivatives: 10 pentacene; 11 thiolated
pentacene; 12 silylethynyl pentacene.
1.2.2.2 Classification by electronic behavior
According to their electronic properties, organic semiconductors can be classified as ptype semiconductors which are electron-donors and n-type semiconductors which are electronacceptors.
In an organic photovoltaic (OPV) device, the electrons in the HOMO of a p-type organic
semiconductor are promoted to the LUMO upon excitation with light. Excitons, which are
bound electron-hole pairs, are generated and move to the donor-acceptor interface, the region
of the OPV material where p-type and n-type materials are contacting. Thus, the photoexcited
p-type organic semiconductor can transfer an electron from its SOMO to the LUMO of an
acceptor. The electron can then be transported through the conduction band of the acceptor
thin film to an anode while the hole left can be transported through the donor thin film to the
cathode, thus completing the electric circuit (Figure 5). 4
5

Figure 5: Proposed working process for organic photovoltaic devices involving (1)
photoexcitation, (2) exciton dissociation and (3) charge separation and collection.
As electron-donors, p-type organic semiconductors usually contain electron-rich
aromatic backbones.12 Pentacene 10,18 tetracene 13,20 thienoacene 14,21 pyrene 15,22 perylene
16,23 and their derivatives with electron-rich substituents are typical examples of p-type organic
semiconductors (Figure 6).
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Figure 6: Chemical structures of p-type organic semiconductors: 10 pentacene; 13 tetracene; 14
thienoacene; 15 pyrene; 16 perylene.
As electron-acceptors, n-type organic semiconductors usually contain an electrondeficient aromatic backbone.12 Fullerene 8 and its soluble derivative phenyl-C61-butyric acid
methyl ester (PCBM) 17,24 perfluoropentacene 18,25 tetracyanoquinodimethane (TCNQ) 19,26
naphthalene diimides (NTCDI) 2027 are examples of n-type organic semiconductors (Figure 7).

Figure 7: Chemical structures of n-type organic semiconductors: 17 PCBM; 18
perfluoropentacene; 19 TCNQ; 20 NTCDI.
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1.3 Properties requirements for organic semiconductors
In order to achieve high-performance and long life-time organic electronic devices, the
intrinsic properties of the organic semiconductors, the interaction between p-type and n-type
organic semiconductors, device design and fabrication process are all important factors.
For the intrinsic properties of desirable organic semiconductors, there are several
general requirements. First, they should have high stability under ambient condition and during
device fabrication conditions. Because of the electron-rich conjugated backbone, many p-type
organic semiconductors are readily subjected to photooxidation especially in the solution phase,
which brings a problem for device fabrication. Second, they should have good solubility in an
organic solvent, or in some cases, water. Vacuum deposition is commonly applied when the
organic semiconductors have poor solubility. This device fabrication technique requires high
temperatures, which is highly energy-consuming and harmful for the stability of the organic
semiconductors. Also, a low HOMO-LUMO gap and suitable HOMO and LUMO energy levels are
required to facilitate the charge carrier movement in p-type and n-type organic semiconductors.
Moreover, for organic photovoltaic applications, they should have strong, broad absorption in
the UV-Vis-NIR region to better utilize the solar energy spectrum. Furthermore, a strong
intermolecular π-π stacking is preferred for efficient intermolecular charge transfer. Finally, a
reversible electrochemical behavior is necessary for consistent functioning of the resulting
device.
A lot of progress has been made on p-type organic semiconductors which are currently
the leading class of organic semiconductors. However, high-performance n-type organic

8

semiconductors, which have the same significance in the development of organic electronic
devices, are rare. The lack of availability of high performance n-type organic semiconductors
provides an opportunity to explore and further develop this novel category.
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CHAPTER 2
Linearly extended pyrylium and thiopyrylium salts as organic semiconductors
2.1 Introduction
2.1.1 Pyrylium and thiopyrylium cations
Pyrylium cation 21 is an aromatic structure akin to benzene but with one methine
carbon (CH) replaced by a positively charged oxygen atom (Scheme 1). The chemistry of
pyrylium cation was introduced by Baeyer and Villiger in 1901.28 Although the pyrylium ring is
planar and has a full aromatic sextet of π-electrons, its chemical reactivity is quite different
from that of benzene or even pyridine. The presence of O plus the formal positive charge
perturbs the π-system profoundly, making the ring highly electron-deficient. Nucleophiles react
readily with pyrylium cation and one-electron reductions take place readily to form radical
species. 29 Pyrylium cations were recognized as exceptional examples of six π electron aromatic
species, and a large number of stable derivatives have been prepared, most notably by
Balaban.30 In addition to being interesting species in their own right, pyrylium cations can
function as intermediates in the syntheses of other interesting species including more stable
pyridines, pyridinium cations, phosphabenzenes and thiopyrylium cations. Pyrylium cations can
also be converted to 2-acylfurans, azulenes and indolizines.30b Pyrylium cations also map
directly onto a variety of materials with interesting applications such as natural pigments, food
additives, photographic materials, photosensitizers, laser dyes, optical recording materials,
fluorescent probes, anticorrosion agents and polymerization initiators.31
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Scheme 1: Pyrylium cation 21.
Thiopyrylium 22 (Scheme 2) is closely related to the corresponding oxygen-containing
pyrylium 21. Replacement of the oxygen heteroatom by the less electronegative sulfur
produces a more stable species. Thiopyrylium cations were discovered nearly half a century
after pyrylium cations and were first obtained upon reacting pyrylium salts with sodium
sulfide.32 A comparison of their stability relative to those of pyrylium and seleno- and
telluropyrylium cations shows the sulfur species to be more stable. 30b This is because sulfur has
similar electronegativity as carbon, thereby increasing the aromaticity of the ring. Thiopyrylium
salts show similar reactivity as their pyrylium counterparts.30b They are utilized in photographic
materials, in laser techniques, as infrared-absorbing dyes, and as electron-transfer
photosensitizers or electrophotographic photoreceptors, as well as a photo-initiators for use in
holographic recording.32

Scheme 2: Thiopyrylium cation 22.
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2.1.2 Xanthylium and thioxanthylium cations
Xanthylium 23 and thioxanthylium 24 cations are linear dibenzo pyrylium or
thiopyrylium cations, respectively, with backbones and π-systems similar to that of anthracene
25. (Figure 8)

Figure 8: Structures of xanthylium cation 23, thioxanthylium cation 24 and anthracene 25.
A number of studies describing the syntheses and properties of xanthylium and
thioxanthylium cations have been reported. In 1993, Valentino and co-workers reported the
syntheses of several 9-arylxanthylium tetrafluoroborate salts 28 by treating 9-arylxanthen-9-ol
27 with propionic anhydride to create a reactive ester and fluoroboric acid to eliminate the
ester.33 The fluorescence quenching behaviors of these salts with water and alcohols were
explored. These salts possess bright yellow or dark orange color and have strong absorptions in
the UV-Vis region. Also, they have a broad unstructured and red-shifted fluorescence emissions
band centered near 540 nm in acetonitrile solutions. In 2007, Hagel and co-workers reported
syntheses of several 9-arylxanthylium 28 and 9-arylthioxanthylium 31 tetrafluoroborate salts by
treating 9-arylxanthen-9-ol 27 or 9-arylthioxanthen-9-ol 30 with fluoroboric acid in ether
(Scheme 3).34 Compounds 9-arylxanthen-9-ol 27 and 9-arylthioxanthen 9-ol 30 were
synthesized by treating xanthone 26 or thioxanthone 29 with aryllithium reagents. Reactivities
of these xanthylium and thioxanthylium salts with sterically hindered bases were explored.
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Scheme 3: Syntheses of 9-arylxanthylium 28 and 9-arylthioxanthylium 31 tetrafluoroborates.34
In 2008, Zhu and coworkers reported the syntheses of xanthylium perchlorate 33 and
thioxanthylium perchlorate 35 by treating 9-H-xanthenol 32 or 9-H-thioxanthenol 34 with acetic
anhydride and perchloric acid (Scheme 4).35 The two salts can be readily reduced with sodium
borohydride to form xanthene and thioxanthene.

Scheme 4: Syntheses of xanthylium perchlorate 33 and thioxanthylium perchlorate 35.35
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9-Arylxanthylium and 9-arylthioxanthylium cations are more stable than xanthylium and
thioxanthylium cations because the former cations show greater delocalization of their charges
and stronger steric shielding (Scheme 5).

Scheme 5: Enhanced charge delocalization and stability for 9-phenyl xanthylium and
thioxanthylium cations.
2.1.3 Linearly extended pyrylium salts (LEPS) and linearly extended thiopyrylium salts (LETS)
Given that xanthylium and thioxanthylium salts have electron deficient and highly
delocalized backbones, low HOMO-LUMO gaps, broad and strong absorptions and emissions in
the UV-Vis region as well as good solubility and stability, we were keen to synthesize derivatives
that could be utilized as n-type organic semiconductors which have been far less studied
compared to p-type organic semiconductors. To the best of our knowledge, linearly extended
five-ring pyrylium and thiopyrylium salts have never been prepared. Linearly extended
polycyclic aromatic hydrocarbons like the 5-ring compound pentacene possess highly
conjugated π-systems, low HOMO-LUMO gaps, and high charge carrier mobilities. We designed
linearly extended pyrylium salts (LEPS) 36 and linearly extended thiopyrylium salts (LETS) 37
with the expectation that the pentacene-like backbone and π-system of these novel electrondeficient species would provide them interesting electronic properties (Figure 9). As with the
xanthylium and thioxanthylium series, aryl substituted LEPS and LETS compounds were
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expected to be more stable than unsubstituted LEPS and LETS compounds. Thus, appropriate
substituted LEPS and LETS compounds were expected to possess small HOMO-LUMO gaps,
broad and strong absorption and emission bands in the UV-Vis or even NIR regions, highly
electron-deficient π-systems, good solubility and reasonable stability. If these expectations are
met, then LEPS and LETS compounds will deserve careful consideration as n-type organic
semiconductors.

Figure 9: Structures for linearly extended pyrylium salts (LEPS) 36 and linearly extended
thiopyrylium salts (LETS) 37 with backbones and π-systems similar to those of pentacene 10.
2.2 Results and discussion
2.2.1 Computational study for LEPS and LETS compounds
2.2.1.1 Introduction
We have utilized density functional theory (DFT) to calculate the geometries and
energies for pyrylium and thiopyrylium cations. B3LYP DFT calculations using a 6-31G* basis set
have previously been utilized to calculate the geometry of pyrylium and thiopyrylium cations.
For the energy calculations, B3LYP has been used with a variety of basis sets like 6-31G*,36 631G**,37 6-31+G*,38 6-31+G**.39 For calculations of the energies of pentacene and its
derivatives, B3LYP/6-311+G** with a larger basis set was utilized and the results fit well with
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experiment.19 The triple-ζ quality AO basis sets enable more reliable energy calculations.40 Since
LEPS and LETS compounds are pyrylium and thiopyrylium salts with pentacene-like backbones
and π-systems, we utilized B3LYP/6-31G* to calculate their geometries and B3LYP/6-311+G**
to calculate their energies.
2.2.1.2 Computation for LEPS and LETS compounds
Computational results showed that unsubstituted LEPS cation (LEPS-0) and LETS cation
(LETS-0) are both planar structures like pentacene. The HOMO-LUMO gaps for LEPS-0, LETS-0
and pentacene are similar, with LETS-0 possessing the smallest gap. The low-lying LUMOs for
LEPS-0 and LETS-0 strongly suggest that these compounds will readily accept electrons, as
required for an n-type organic semiconductor (Table 1).
Table 1: Energy calculations for LEPS-0, LETS-0 and pentacene with B3LYP/6311+G**//B3LYP/6-31G*.
Structure
Name

LEPS-0

LETS-0

Pentacene

HOMO (eV)

-9.33

-9.12

-4.93

LUMO (ev)

-7.19

-7.10

-2.76

Gap (eV)

2.14

2.02

2.18

Geometry optimizations and energy calculations were also carried out for substituted
LEPS and LETS compounds. The results show that the HOMO-LUMO gaps for different LEPS
compounds are similar regardless of the substituent. This also applies to different LETS
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compounds (Table 2). The geometries of the phenyl rings in the various phenyl, mesityl and 4’dimethylaminophenyl derivatives are all nearly orthogonal as to the backbone, suggesting
almost zero delocalization of π-electron density. The computational results are further
corroborated by UV-Vis-NIR and X-ray single crystal structure studies which will be elaborated
in later parts.
Table 2: Energy calculations for LEPS and LETS compounds with different substituents with
B3LYP/6-311+G**//B3LYP-6-31G*.
Gap (eV)

Gap (eV)

-H

2.14

-H

2.02

Phenyl

2.15

Phenyl

2.00

Mesityl

2.18

Mesityl

2.02

4’-Dimethylaminophenyl

2.20

4’-Dimethylaminophenyl

2.03

2.2.2 General synthetic routes design for LEPS and LETS compounds
In the synthesis of the xanthylium and thioxanthylium salts, commercially available
xanthone and thioxanthone were typically utilized as starting materials. Then they were
converted to alcohols by hydride reduction or nucleophilic addition at the carbonyl group.
Finally, the alcohols were treated with acid to generate the corresponding xanthylium or
thioxanthylium cations. For the syntheses of LEPS 36 and LETS 37, the corresponding
dibenzoxanthone 38 and dibenzothioxanthone 40 are important synthetic intermediates,
surprisingly, they have never been synthesized before. These two intermediates can be
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converted to the corresponding alcohols 39 and 41 using similar methods to those mentioned
above for xanthone and thioxanthone. Treating the alcohols with acid could generate the
corresponding desired LEPS and LETS compounds (Scheme 6).

Scheme 6: General synthetic routes design for LEPS 36 and LETS 37.
2.2.3 Syntheses and study of dibenzoxanthones and dibenzothioxanthones
2.2.3.1 Synthesis of dibenzoxanthone 38
2.2.3.1.1 Synthesis of 38 through an LDA-mediated ring closure reaction
Using 3-iodo-2-naphthoic acid 43 and 2-naphthol 44 as starting materials, an Ullmann
coupling reaction generated the corresponding acid intermediate 45 in good yield. This acid
intermediate 45 was purified easily by base extraction followed by acidifying the basic solution.
Then, the acid 45 was converted to the corresponding activated ester using HOBT. By treating
the activated ester with diethylamine and triethylamine, the corresponding diethyl amide 46
was generated in high yield. The amide was subsequently treated with LDA to extract either an
alpha or a beta aromatic proton, followed by nucleophilic attack at the carbonyl group to close

18

the ring. In this step, dibenzoxanthone 38 and its isomer 42 were formed in a 1:1 ratio
according to the crude 1H NMR spectra (Scheme 7). The 1H NMR also showed there were few
by-products formed. Due to the poor solubilities and similar polarities of the two ketones, their
separation is difficult. Nonetheless, a small amount of mixture was separated using column
chromatography with a large column and silica as stationary phase. In this way, pure 38 (35%)
and 42 (27%) were isolated. The yield of separated products is low due largely to their poor
solubilities in all mobile phase tested. For this reason, the availability of pure 38 was limited.
Thus, the mixture of 38 and 42 was used as starting material for the next synthetic step.
Subsequent products derived from 38 and 42 are much more soluble and possess more
different polarities, enabling their separation. The choice of amide 46 as a precursor to 38 was
based upon literature41 precedent in a similar but not identical reaction, as elaborated below.

Scheme 7: Synthesis of dibenzoxanthone 38 via an LDA-mediated ring closure.
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The synthesis of 3-iodo-2-naphthoic acid 43 can be achieved in two distinct manners.
The first is Luis’s method that includes the formation of a mercuric intermediate 48 which is
itself derived from 2,3-naphthalene dicarboxylic acid 47 (Scheme 8, Route A).42 The second
path to 43 involves a Sandmeyer reaction starting with 3-amino-2-naphthoic acid 49 (Scheme 8,
Route B).43 Although the first method has an overall higher yield, it is not environment friendly,
requires a longer reaction time and more steps. The second method is preferred although the
yield is a little bit lower.

Scheme 8: Synthesis of 2-iodonaphthoic acid 43.

Prior to accomplishing the synthesis of 38 according to scheme 7, an alternative method
involving Friedel-Crafts acylation/cyclization of 45 was considered. However, literature
examples involving similar compounds (Scheme 9)44 showed that acylation tends to occur more
favorably at the undesired α-position of the naphthalene ring rather than the more highly
desired β-position, leading to the formation of the major unwanted isomer.
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Scheme 9: Formation of xanthone derivatives via Friedel-Crafts acylation/cyclization.44
Due to the limitations of the Friedel-Crafts approach, an alternative method needed to
be found. In 1997, Familoni and coworkers reported a general regiospecific route to substituted
and naturally occurring xanthones (Scheme 10).41 This method utilized an LDA-mediated ring
closure reaction that exploited Complex Induced Proximity Effects (CIPE)45 and Directed Ortho
Metalation (DOM).46 During this reaction, LDA first forms a complex with the amide group. It
then extracts a proton at the ortho position of the Directed Ortho Metalation Group (DOMG) to
form an aromatic anion. DOMG’s like –OR, -NR2, -Cl can stabilize this ortho aromatic anion.
Attack of the anion on the carbonyl group closes the ring. In this way, xanthone 50 was
obtained as the major product following α-ortho proton abstraction. Most important for our
study, linear xanthone 51 involving β-ortho proton abstraction was selectively formed. A
detailed reason for the regioselective cyclization leading to 51 was not provided.41 Nonetheless,
the results were sufficiently compelling to lead us to attempt the synthesis of 38 according to
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scheme 7. The lack of selectivity in the formation of 38 (Scheme 7) is contrary to expectations41
and disappointing. Nonetheless, this roadblock did not stall our progress towards LEPS and LETS
compounds. We investigated other, potentially more selective routes to 38 (see below) while
understanding that the synthesis detailed in Scheme 7 was manageable.

Scheme 10: Selective formation of linear xanthone derivatives via an LDA-mediated ring
closure.41
2.2.3.1.2 Synthesis of 38 through tandem intermolecular nucleophilic coupling involving a
naphthalyne intermediate
Commercially available 2-napthol 44 was used as the starting material and converted to
the methyl ether 52 to protect the hydroxyl group. Then 52 was treated with n-BuLi followed by
1,2-dibromoethane to generate the β-brominated napthol methyl ether 53 which was easily
separated from the α-brominated isomer through recrystallization. Then, 53 was treated with
boron tribromide to deprotect the hydroxyl group. The resulting 3-bromo-2-naphthol 54 was
converted to the naphthalyne precursor 55 by treating with hexamethyldisilazane (HMDS)
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followed by n-BuLi and then by triflic anhydride. Commercially available 3-hydroxyl-2-naphthoic
acid 56 was also used as the starting material. It was converted to the corresponding methyl
naphthoate 57 by reacting with methanol under the acidic conditions. In the final tandem
intermolecular nucleophilic coupling reaction, cesium fluoride was added to convert the
precursor 55 to naphthalyne 58 which then coupled with 57 to generate dibenzoxanthone 38 in
low yield (Scheme 11).

Scheme 11: Synthesis of dibenzoxanthone 38 via tandem intermolecular nucleophilic coupling.
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The use of tandem intermolecular nucleophilic coupling to synthesize xanthones 61 was
reported by Zhao47 and coworkers in 2007. The reaction of silylbenzyl triflates 60 which are
precursors of benzyne, CsF, and 2-hydroxybenzoates 59 generated corresponding xanthones 61
with moderate to high yields (Scheme 12).

Scheme 12: Formation of xanthones 61 via tandem intermolecular nucleophilic coupling.47
During synthesis of dibenzoxanthone 38, a naphthalyne intermediate was generated
instead of benzyne intermediate. The reaction was successful but occurred with a relatively low
yield. Although no isomer 42 was generated in this reaction, a lot of byproducts were obtained.
Also, there were small amounts of inseparable impurities mixing with dibenzoxanthone 38.
2.2.3.1.3 Attempted synthesis of 38 through Pd-catalyzed annulation
Using 3-Hydroxyl-2-naphthoic acid 56 as starting material, methyl 3-methoxy-2naphthoate 62 was obtained via reaction with methyl sulfate. Then, the ester group in 62 was
reduced by LAH to generate the benzyl alcohol derivative 63 which was oxidized with Dess–
Martin periodinane (DMP) to produce benzaldehyde 64. Compound 64 was deprotected with
boron tribromide to yield 3-hydroxy-2-naphthaldehyde 65. Commercially available 1,2diiodobenzene

66

was

also

used

as

starting

material

and

converted

to

1,2-

bis((trimethylsilyl)ethynyl)benzene 67 after Sonogashira coupling. Terminal bromination of 67

24

using NBS yielded 1,2-bis(bromoethynyl)benzene 68 which was converted to 2,3dibromonaphthalene 69 in low yield via a Bergman cyclization (Scheme 13). In the syntheses of
62 and 67, the greater than 100% yields were due to solvents or grease occluded in the oily
products. The low yield of 69 was further complicated by inseparable impurities, hindering the
next coupling reaction.

Scheme 13: Attempted synthesis of dibenzoxanthone 38 via a Pd-catalyzed annulation.
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A Pd-catalyzed annulation to synthesize xanthones 61 was reported by Wang

48

and

coworkers in 2009. Dibromobenzenes 71 and salicylaldehydes 70 were coupled under the
catalysis of a Pd complex to generate xanthones 61 with moderate yields (Scheme 14).

Scheme 14: Formation of xanthones 61 via Pd-catalyzed annulation.48
Compound 1,2-Dibromobenzene is commercially available; however, synthesis of 2,3dibromonaphthalene 69 requires multiple steps. The Bergman cyclization in Scheme 13
requires highly deoxygenated reaction conditions with high temperature and pressure.49 The
low yield of 2,3-dibromonaphthalene 69 and generation of inseparable byproducts may be due
to the reaction conditions utilized which may not have complied very well with the required
conditions. Meeting the required reaction conditions is necessary and new synthetic routes to
69 are under exploration.
2.2.3.2 Synthesis of dibenzoxanthone 74 via an LDA-mediated ring closure
Due to the issues of forming a hard-to-separate isomer and low yields in the synthesis of
dibenzoxanthone 38 using an LDA-mediated ring closure reaction (section 2.2.3.1.1),
dibenzoxanthone 74 was designed and synthesized using an α-phenyl blocked amide
intermediate 73. Under Ullmann coupling reaction conditions, 3-iodo-2-naphthoic acid 43
reacted with 1-phenyl-2-naphthol 76 which was generated in a Suzuki reaction using 1-bromo2-naphthol 75. In this way, naphthoic acid intermediate 72 was prepared and converted to the
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naphthamide intermediate 73. Compound 73 was further converted to dibenzoxanthone 74
using an LDA-mediated ring closure reaction (Scheme 15). This last reaction occurred in high
yield and without formation of additional isomers. The α-phenyl blocking group not only
improves selectivity to linear 74 but also improves solubility compared to 38.

Scheme 15: Synthesis of dibenzoxanthone 74 via a selective LDA-mediated ring closure.
2.2.3.3 Synthesis of dibenzothioxanthone 80 via an LDA-mediated ring closure
The LDA-mediated ring closure to synthesize dibenzothioxanthone 80 is similar to that
of dibenzoxanthone 38 which was previously discussed (section 2.2.3.1.1). The 2-Iodo-3naphthoic acid 43 was used as starting material. Upon performing an Ullmann coupling reaction
with 2-thionaphthol 77, the corresponding acid intermediate 78 was obtained. Then 78 was
converted to the corresponding diethyl amide intermediate 79 which was subsequently treated
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with LDA to form dibenzothioxanthone 80 and its isomer 81 in a molar ratio of 4:1, respectively
(Scheme 16).

Scheme 16: Selective synthesis of dibenzothioxanthone 80 via an LDA-mediated ring closure.
This ratio of 80 and its isomer 81 is quite different from the 1:1 ratio obtained for
dibenzoxanthone 38 and its isomer 42. The ring closing preference may indicate that –SAr
stabilizes the anion at the β-position more than the anion at the α-position. Unlike the synthesis
of dibenzoxanthone 38 from amide 46 which occurred with little byproduct formation, the
synthesis of dibenzothioxanthone 80 from amide 79 occured with formation of a large amount
of byproducts. Although 80 and its isomer 81 have similar polarities, their solubilities are quite
different. Compound 80 shows very poor solubility in organic solvents like DCM while isomer 81
shows moderate to good solubility. With this difference, pure 80 was readily obtained by
washing the crude reaction mixture with DCM.
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2.2.3.4 Optical characteristics of dibenzoxanthones and dibenzothioxanthones
Dibenzoxanthone

38

and

its

isomer

42,

5-phenyl

dibenzoxanthone

74,

dibenzothioxanthone 80 and its isomer 81 are pale yellow to yellow solids. They show broad
and strong UV-Vis absorptions due to their extended conjugation.
The UV-Vis absorptions for dibenzoxanthone 38 and 5-phenyl dibenzoxanthone 74 are
quite similar with 74 only slightly red-shifted indicating that the extra phenyl substituent in 74 is
not strongly conjugated to the dibenzoxanthone π-system. This means the phenyl substituent is
far from co-planarity with the dibenzoxanthone backbone, which is due to the steric repulsion
between the protons of the phenyl substituent and the backbone. The UV-Vis absorptions for
dibenzothioxanthone 80, on the other hand, are red-shifted compared to these of
dibenzoxanthones 38 and 74, especially in the visible region (Figure 10). This implies more
extensive conjugation and the increased significance of a pentacene-like resonance form for 80.
Similarly, thiopyrylium cation 22 shows greater aromaticity than pyrylium cation 21 as
previously discussed.30b
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Figure 10: UV-Vis absorption spectra for dibenzoxanthones 38 and 74, and
dibenzothioxanthone 80.
The UV-Vis absorption patterns for dibenzoxanthone 38 and its isomer 42 are quite
different from one another, suggesting large difference in conjugation. Linear 38 has red-shifted
absorptions compared to 42 (Figure 11), just as linear pentacene is red-shifted compared to any
of its bent 5-ring isomers. The similar phenomenon was also observed between linear
dibenzothioxanthone 80 and its bent isomer 81.
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Figure 11: UV-Vis absorption spectra for dibenzoxanthones 38 and 42 at 8.1×10-5 M in CHCl3.
Dibenzoxanthone and dibenzothioxanthone compounds all show broad and strong
fluorescence emissions with Stokes shifts. Linear dibenzoxanthone 38 and 74 show longer
wavelength

emissions

compared

to

the

less

conjugated

42.

Likewise,

linear

dibenzothioxanthone 80 shows a longer wavelength emission than that of bent isomer 81.
(Table 3).
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Table 3: UV-Vis absorptions and emissions of dibenzoxanthones and
dibenzothioxanthones in CHCl3.
Structure

No.

Absorption (nm)

Emission (nm)

Fluorescence color

38

330 354 436

476

Blue

74

332 358 445

491

Greenish blue

80

467 360

529

Green

42

318 344 383 399

429

Purple

81

334 350 432

466

Blue

2.2.4 Syntheses of dibenzoxanthenols and dibenzothioxanthenols
2.2.4.1 Syntheses of aryl substituted dibenzoxanthenols and dibenzothioxanthenols
Aryl substituted dibenzoxanthenols and dibenzothioxanthenols are precursors for the
corresponding LEPS and LETS compounds, respectively. In order to convert dibenzoxanthone
and dibenzothioxanthone to these dibenzoxanthenols and dibenzothioxanthenols, respectively,
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aryllithium reagents were used for nucleophilic attack at the carbonyl groups (Scheme 17).
Except for the commercially available phenyllithium, other aryllthium reagents were prepared
using halogen-lithium exchange reactions between n-butyllthium and the corresponding aryl
bromide.
For

the

syntheses of

aryl

substituted

dibenzoxanthenols, the

mixture

of

dibenzoxanthone 38 and its isomer 42 were used as starting materials due to their difficult
separation. The alcohol products show good solubilty and are easily separable. The yields
presented below were calculated based on the starting mixture (Scheme 17). The low yield for
87 is due to a low yielding halogen-lithium exchange reaction involving 4-dimethylamino phenyl
bromide.

Scheme 17: Syntheses of aryl substituted dibenzoxanthenols 82-87.
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By treating dibenzoxanthone 74 with aryllthium reagents, the corresponding aryl
substituted dibenzoxanthenol 88 and 89 were also obtained with high yields (Scheme 18).

Scheme 18: Syntheses of aryl substituted dibenzoxanthenols 88 and 89.
Also, reaction between dibenzothioxanthone 80 and aryllthium reagents generated aryl
substituted dibenzothioxanthenols 90-95 in moderate to high yields (Scheme 19).

Scheme 19: Syntheses of aryl substituted dibenzothioxanthenols 90-95.
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2.2.4.2 Syntheses of unsubstituted dibenzoxanthenol and dibenzothioxanthenol
Dibenzoxanthenol 96 is the precursor for an unsubstituted LEPS compound. By reducing
dibenzoxanthone 38 with a hydride reagent like sodium borohydride or lithium aluminum
hydride, dibenzoxanthenol 96 was generated. Unlike the relatively stable dibenzoxanthenol 97
derived from its isomer 42, dibenzoxanthenol 96 was readily oxidized back to 38 and the two
compounds exhibit similar solubility, making their separation difficult (Scheme 20).

Scheme 20: Reduction of dibenzoxanthone 38 and its isomer 42 using hydride reagents.
Unlike the reduction of 38, reduction of dibenzothioxanthone 80 yielded stable
dibenzothioxanthenol 98 in moderate yield (Scheme 21), a precursor to an unsubstituted LETS
compound. Compound 98 is more soluble than 96 and does not easily reoxidize under ambient
conditions. Pure 98 was obtained by precipitation upon adding water to the reaction mixture.

Scheme 21: Reduction of dibenzothioxanthone 80 using sodium borohydride.
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2.2.5 Syntheses and study of LEPS and LETS compounds
2.2.5.1 Syntheses of LEPS and LETS compounds
Using a similar method as that in the syntheses of xanthylium and thioxanthylium salts,
dibenzoxanthenols and dibenzothioxanthenols were treated with acid to generate the
corresponding LEPS and LETS compounds in good to excellent yields in all but one case. Nonoxidative fluoroboric acid50 was used instead of the oxidizing perchloric acid.
The dibenzoxanthenols 82, 83, 85 and 87, derived from dibenzoxanthone 38 and its
isomer 42, were successfully converted to the corresponding LEPS compounds 100, 99, 101,
and 102 respectively. LEPS 99 and its isomer 100 were both obtained in high yields. LEPS 99 was
formed in the presence of only a little hydrolyzed impurity 83 while LEPS 100 showed even less
(trace) 82. LEPS 101 was also obtained in high yield with no detectable hydrolyzed impurity 85.
LEPS 102 is formed with a large percentage of hydrolyzed impurity 87 (Scheme 22). The facile
hydrolysis of LEPS 102 bearing a 4’-dimethylamino substituent lends evidence that 13-phenyl
substituents on LEPS and LETS compounds do not sit co-planar or even near co-planar with the
acene-like backbone. If there was co-planarity or nearly co-planarity, then we would expect
that the electron releasing resonance effect associated with amino substituents would stabilize
LEPS 102 rendering it more difficult to hydrolyze than, for example, LEPS 99. Since LEPS 102 is
more easily hydrolyzed than LEPS 99, it appears that an inductive effect may be destabilizing
102.
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Scheme 22: Syntheses of LEPS 99 and its isomer 100, LEPS 101, LEPS 102.
Also, dibenzoxanthenols 88 and 89 derived from 5-phenyl dibenzoxanthone 74 were
successfully converted to the corresponding LEPS compounds. LEPS 103 was obtained in
moderate yield in the presence of a little bit of hydrolyzed impurity 88. LEPS 104 was formed in
good yield but could not be purified using a precipitation method due to its excellent solubility
(Scheme 23).

Scheme 23: Syntheses of LEPS 103 and LEPS 104.
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Dibenzothioxanthenols 90-95 derived from dibenzothioxanthone 80 were successfully
converted to the corresponding LETS compounds in moderate to high yields. A small amount of
hydrolyzed impurity was found in LETS 105, LETS 108 and LETS 110 while a moderate amount of
hydrolyzed impurity was found in LETS 109. No hydrolyzed impurity was observed in LETS 106
and LETS 107 (Scheme 24). Dibenzothioxanthenol 98 was also converted to the corresponding
unsubstituted LETS compound. However, it is highly unstable and easily decomposed under
ambient condition.

Scheme 24: Syntheses of LETS compounds (105-110).
2.2.5.2 Moisture resistance study of LEPS and LETS compounds
As noted above, positively charged LEPS and LETS compounds are susceptible to
nucleophilic attack by water. Upon reacting with water, LEPS and LETS compounds convert back
to their starting alcohols (Scheme 25). The reaction is completely reversible with the position of
the equilibrium depending upon the acidity and water content of the solvent. Thus, once
formed, LEPS and LETS compounds should be kept dry.
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Scheme 25: Nucleophilic attack of water on LEPS and LETS compounds.
Mesityl substituted LEPS 101, LEPS 104, LETS 106 and 2’,6’-dimethylphenyl substituted
LETS 107 show much greater moisture resistance compared to other LEPS and LETS compounds.
No hydrolyzed impurity was observed by NMR for these compounds. Likewise, their colors
persisted even in aqueous acetone while the color of other LEPS and LETS compounds
disappeared quickly under similar conditions. Thus, the o-methyl groups on the phenyl
substituent at C-13 effectively shield C-13, the otherwise most reactive carbon, from
nucleophiles like water (Scheme 26). Clearly, the phenyl substituent at C-13 cannot lie planar to
the LEPS and LETS backbones due to steric crowding of the methyl groups and aromatic
hydrogens. Instead, a nearly orthogonal orientation is preferred. This explanation was further
supported by high-level geometry calculations and single crystal structure studies.

Scheme 26: o-Methyl groups on mesityl substituent shield the otherwise reactive C-13 of the
LEPS and LETS backbones.
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2.2.5.3 Solubilities of LEPS and LETS compounds
All of the LEPS and LETS compounds synthesized above are soluble in organic solvents
like acetonitrile and dichloromethane. Most are not soluble in ether and this was utilized for
isolation. Thus, the slow diffusion of ether into reaction mixtures in DCM enabled precipitation
of pure LEPS and LETS compounds. Structurally similar LEPS and LETS compounds possessing
the same substituent show similar solubilities indicating that the choice of heteroatom (O vs. S)
has little impact on the solubility. However, the number and types of substituents are key
factors for solubility. Additional substituents seem to lead to better solubility. For example,
LEPS 103 has better solubility than LEPS 99 while LEPS 104 has better solubility than LEPS 101.
Also, the presence of three additional aliphatic methyl groups renders the mesityl substituted
LEPS and LETS compounds more soluble than simpler phenyl substituted structures. For
example, LEPS 101 is more soluble than LEPS 99 while LEPS 104 is more soluble than LEPS 103
(Figure 12). Thus placement of a mesityl group at C-13 of LEPS and LETS compounds is
beneficial in two distinct manners. The mesityl groups retard the addition of water (greater
moisture resistance) while simultaneously improving solubility. The relatively low yield for LEPS
103 compared to LEPS 99 and LEPS 101 is due to its comparatively strong solubility in DCM.
That is, ether diffusion into a solution of 103 in DCM does not effectively precipitate all of the
103. The problem is even worse for LEPS 104 which shows the greatest solubility of all LEPS and
LETS compounds. LEPS 104 is fully soluble in ether but insoluble in hexanes. A hexanes diffusion
into a solution of 104 in ether leads to the complete precipitation of 104 but also a number of
impurities. A method has yet to be developed to isolate highly soluble, relative stable LEPS 104.
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Figure 12: Solubility order for LEPS compounds with different substituents.
2.2.5.4 Charge delocalization of LEPS and LETS compounds
The positive charge in the π-system of LEPS and LETS compounds is delocalized and can
be studied by examining the NMR chemical shifts. The chemical shifts of the aromatic protons
are downfield compared to those in the starting alcohols. LEPS 99 has chemical shifts for
aromatic protons between 7.7 and 9.0 ppm while its alcohol precursor 83 has the chemical
shifts for aromatic protons between 7.1 and 8.2 ppm. For example, the chemical shifts for the
two singlets of LEPS 99, corresponding to the aromatic protons on the penultimate rings, shift
about 1 ppm downfield compared to alcohol 83 (Figure 13). The delocalization of positive
charge produces a highly electron-deficient π-system consistent with that desired for an n-type
organic semiconductor.
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Figure 13: 1H NMR spectra in aromatic region for LEPS 99 and its precursor 83 both in CD2Cl2.
2.2.5.5 Optical properties of LEPS and LETS compounds
LEPS and LETS compounds have dark purple to black colors in the solid state and form
dark red solutions upon addition of appropriate solvent. Due to the highly conjugated
structures, they have a wide range of absorptions in the UV-Vis-NIR region. There are several
strong absorption bands in the UV-Vis region as well as several broad and weak bands starting
at about 600 nm and extending into the near-IR region. Linear LEPS 99 has red-shifted
absorption bands compared to its isomer 100, which is consistent with trends observed for
linear acenes compared to their phene-like isomers (Figure 14). Based upon the absorption
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bands at 555 and 500 nm, respectively, the optical HOMO-LUMO gap for LEPS 99 is
approximately 2.1 eV while the same gap for phene-like isomer 100 is approximately 2.3 eV.
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Figure 14: UV-Vis-NIR absorption spectra of 3.4×10-5 M solutions of linear LEPS 99 and its
phene-like isomer 100 in DCM.
Although LEPS 99 and LETS 105 have different heteroatoms in their backbones, their
absorption patterns are quite similar in the UV-Vis region with the band at approximately 300
nm red-shifted for LETS 105. They both have broad and weak absorption bands that extend into
the near-IR region. The longest wavelength band for LETS 105 centered at 916 nm is
significantly red-shifted compared to the longest wavelength band for LEPS 99 centered at 804
nm (Figure 15). Based on the strong bands at approximately 550 nm, the optical HOMO-LUMO
gaps for LETS 105 and LEPS 99 are approximately 2.1 eV, very close to the gap reported for
pentacene, 2.08 eV19.
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Figure 15: UV-Vis-NIR absorption spectra of 3.4×10-5 M solutions of LEPS 99 and LETS 105 in
DCM.
Placement of phenyl substituents on either LEPS or LETS compounds has little effect on
their UV-Vis-NIR absorptions. LEPS 99 with a phenyl substituent at C-13 and LEPS 101 with a
mesityl substituent at C-13 have nearly the same UV-Vis-NIR absorption values. Compared to
LEPS 99 with one phenyl substituent at C-13, LEPS 103 with two phenyl substituents at C-5 and
C-13 has only a slightly red-shifted set of UV-Vis-NIR absorptions. Similarly, the UV-Vis
absorption bands observed for LETS compounds were all but identical regardless of the
substituents (Figure 16). Thus, we concluded that the phenyl substituents on LEPS and LETS
compounds sit far from co-planar to the backbone such that they contributes little to the
conjugation. These conclusions are consistent with those derived from the computational
geometry optimizations for LEPS and LETS compounds.
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Figure 16: UV-Vis-NIR absorptions of 3.4×10-5 M solutions of LEPS and LETS compounds in DCM.
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Unlike xanthylium and thioxanthylium compounds which have strong fluorescence, the
fluorescence of LEPS and LETS compounds was not observed when exposed to UV light (254 nm,
302 nm, 365 nm) nor detected using a Cary 50 eclipse fluorometer with an effective detection
range between 200 and 900 nm. Since LEPS and LETS compounds have absorptions that
extended to the near-IR region, it is possible that they do fluoresce at longer wavelengths with
significant Stokes shifts.
2.2.5.6 Single crystal X-ray diffraction study of LEPS and LETS compounds
Shiny, purple crystals of LEPS and LETS compounds were grown via the vapor diffusion
method. Weak solvents, benzene or ether, were diffused into solutions containing the LEPS or
LETS compound dissolved in a strong solvent, either acetonitrile or dichloromethane. The
structures of LEPS 99 and its isomer 100, LEPS 101, LEPS 103, LETS 105 and LETS 106 were all
successfully characterized using single crystal X-ray diffraction. The backbone of bent LEPS
isomer 100 is distorted from planarity due to the steric compression between the phenyl
substituent and the benzo group of the backbone. Linear LEPS 99 and LETS 105 with one phenyl
substituent each, have slightly more planar backbones compared to LEPS 101 and LETS 106
both of which include a mesityl substituent. This could due to the steric repulsion between the
backbone and the more bulky mesityl substituents. LEPS 99 and LETS 105 showed face to face
intermolecular π-π stacking in their crystal structures. The phenyl substituent of LEPS 99 has a
twist angle of 53o relative to the pentacene-like backbone. It shows a π-π stacking distance of
3.44 Å with the molecules orientated in a head-to-tail fashion such that steric compression
between the 13-phenyl substituents is minimized (Figure 17). The phenyl substituent in LEPS
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105 has a twist angle of 78o relative to its backbone. It stacks in a parallel displaced fashion with
a π-π stacking distance of 3.40 Å (Figure 18).

Figure 17: ORTEP diagrams (50% probability) of LEPS 99 and its packing structure.
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Figure 18: ORTEP diagrams (50% probability) of LETS 105 and its packing structure.
The C-O bond length in LEPS compounds is significantly shorter than the C-S bond length
in LETS compounds (~1.37 Å vs. ~1.71 Å, Table 4). As the C-C bond lengths around the center
rings of both LEPS and LETS compounds are approximately 1.42 Å, there is little hexagonal
distortion in the center rings of LEPS compounds, but significant hexagonal distortion in LETS
compounds.
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Table 4: Bond lengths (a-f) of the center ring and twist angle between the substituent and the
backbone of LEPS and LETS compounds.

Compound

a (Å)

b (Å)

c (Å)

d (Å)

e (Å)

f (Å)

Twist angle (o)

1.42

1.42

1.43

1.43

1.37

1.37

53

1.37

1.42

1.43

1.43

1.36

1.37

79

1.41

1.44

1.44

1.44

1.37

1.37

57(R1), 56(R2)

1.42

1.42

1.44

1.44

1.71

1.71

78

1.42

1.40

1.45

1.44

1.72

1.71

90

LEPS 99
(X=O,R1=Ph, R2=H)
LEPS 101
(X=O, R1=mesityl, R2=H)
LEPS 103
(X=O, R1=R2=Ph)
LETS 105
(X=S,R1=Ph, R2=H)
LETS 106
(X=S, R1=mesityl, R2=H)

2.2.5.7 Cyclic voltammetry of LEPS 99
Cyclic voltammetry (CV) is a potentiodynamic electrochemical measurement. The
oxidation and reduction waves for compounds can be observed using CV. Reversible
electrochemical behavior was observed for LEPS 99. A redox wave centered at approximately
+270 mV (vs. Ag/AgCl) was observed, indicating the remarkable ease with which LEPS 99 is
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reduced (Figure 19). The redox cycle is reversible, as required for organic semiconductors in
solid-state device applications.

Figure 19: Cyclic voltammogram of a 2x10-3 M solution of LEPS 99 in DCM with 0.1 M Bu4NPF6 as
the electrolyte, Ag/AgCl as the reference electrode, Pt disk as the working electrode and Pt wire
as the counter electrode. Scan rate is 100 mV/s.
2.2.5.8 Open-shell diradical character study
2.2.5.8.1 Introduction
Open-shell molecules refer to molecules that have unpaired electrons. Free
monoradicals are well known open-shell molecules that typically exist as reactive intermediates.
Diradicals with two unpaired electrons represent another class of open-shell molecules.51 When
two electrons are held in two distinct non-bonding molecular orbitals (NBMOs), there are six
possible configurations for singlet and triplet states (Figure 20). Only the triplet states (S=1) are
paramagnetic and can be detected by electron spin resonance (ESR). Singlet states (S=0),
regardless of open-shell or closed-shell, are diamagnetic and cannot be detected by ESR.52
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Figure 20: Electronic configuration in NBMOs for singlet and triplet states.
Diradicals species include dinitroxide,53 benzyne,54 carboryne,55 disilaquinodimethane.56
Diradicals were also reported in a series of highly conjugated organic molecules. When the
HOMO-LUMO gap is low, it is relatively easy to promote one electron from HOMO to LUMO in
order to form diradical species.52 In 2005, Takahashi and coworkers reported the syntheses of a
series of stable extensive quinoidal oligothiophenes 111 that showed good solubilities and
strong absorptions in the visible to near-infrared region (Scheme 27).57 Higher homologues
(n>4, Scheme 27) started to show paramagnetic character which was indicated by broad ESR
signals with a g value at about 2.0. Also, except for the signals assignable to the pendant butoxy
carbons, no other signals corresponding to the backbone were observed in the 13C NMR spectra.
Diradicals were proposed as in Scheme 27 where aromatic thiophenes and cyano substituents
help to stabilize the diradical character. Like quinoidal oligothiophenes 111, oligoporphyrins,58
diphenoquinoid chromophores59 and other dyes60 with absorptions beyond 1000 nm normally
show the open-shell character.
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Scheme 27: Closed-shell and open shell resonance forms for quinoidal oligothiophenes.57
Anthenes 112 are peri-condensed anthracenes.61 According to calculations, the extent
of the diradical character for anthenes increases with increasing anthracene units (Scheme
28).62 A simple way to understand this behavior is to consider that the formation of the
aromatic sextets (depicted by bold lines) overwhelms the penalty of breaking one π-bond.

Scheme 28: Closed-shell and open shell resonance forms for anthene 112 with diradical
character calculated at the CASSCF(2,2)/6-31G level.62
The computational results were corroborated by experimental data. At room
temperature, the cores of the bisanthene derivatives63 like 11363c showed sharp NMR signals
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indicating little or no paramagnetic character. However, the cores of the teranthene derivative
11464 and the quarteranthene derivative 11562 showed no NMR signals indicating significant
paramagnetic character (Figure 21). Compound 115 also showed a broad ESR signal with g
value at about 2.0 indicating obvious paramagnetic character.

Figure 21: Structures for bisanthene, teranthene and quarteranthene derivatives.
Variable temperature NMR (VT-NMR) experiments can be applied when exploring
organic diradicals with accessible singlet (diamagnetic) and triplet (paramagnetic) electronic
states. Assuming that the singlet (diamagnetic) state is lower in energy, lowering the
temperature will decrease the triplet character leading to a sharpening of the NMR signals
(Figure 22).
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Figure 22: Temperature-related spin multiplicity switching of a diradical with singlet ground
state but accessible triplet excited state.
VT-NMR studies were carried out for both the teranthene derivative 11464 and
quarteranthene derivative 115.62 The 1H NMR signals for 114 began to sharpen with decreasing
temperature from 30 °C down to -105 °C, indicating significant diradical character at room
temperature with a singlet ground state. However, no significant sharpening of signals was
observed for 115 even as the temperature was decreased from 20 °C to -90 °C, indicating that
for this species, the triplet excited state lies closer in energy to the singlet ground state (Figure
23).

114

115

Figure 23: VT-NMR results for teranthene derivative 11464 and quarteranthene derivative 115.62
Certain pyrylium salts can also exist with paramagnetic character. Nishihara group
reported a series of paramagnetic pyrylium salts in the past few years.65 These pyrylium salts
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have the highly electron-deficient pyrylium backbone connected to the electron-donating
moiety. Diradical species can form after intramolecular electron transfer (IMET) from the
donating moiety to the pyrylium backbone. For dipyrylium salt 116,65i one electron on each of
the nitrogens of the triphenylamino groups is effectively transferred to the dipyrylium
backbone, leaving the nitrogens as radial cations and the dipyrylium backbone as neutral
(Scheme 29).

Scheme 29: Intramolecular electron transfer (IMET) for dipyrylium salts 116.65i
Dipyrylium salt 116 showed broad and indiscernible NMR signals which could not be
integrated properly, suggesting paramagnetic character (Figure 24).65i Also, it showed an ESR
signal with a g value at about 2.0 which is a typical indication of π-radical formation.
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Figure 24 1H NMR spectrum for dipyrylium salt 116.65i
2.2.5.8.2 Open-shell diradical character of LEPS and LETS compounds
Among the synthesized LEPS and LETS compounds, LEPS 101, LEPS 104 and LETS 106, all
with mesityl substituents, and LETS 107 with a 2’,6’-dimethylphenyl substituent showed 1H
NMR spectra with broad and indiscernible signals indicating paramagnetic character. Previously,
it was noted that the methyl groups at the 2,6-positions of the phenyl substituents effectively
block attacking nucleophiles rendering the corresponding LEPS and LETS compounds moisture
resistant. The same substituent at the C-13 position also appears to influence the paramagnetic
character of the resulting LEPS or LETS compound. For example, the 1H NMR spectrum for LETS
106 includes only two sharp signals corresponding to the methyl groups on the mesityl
substituent (Figure 25). Several highly broadened aromatic signals were also observed between
about 7 and 10 ppm. Likewise, the 13C NMR spectrum for LETS 106 shows only four signals total
including two methyl signals and two aromatic signals. All of this suggests that LETS 106 has a
low lying triplet state that is partially accessed at room temperature. Conversely, the NMR
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spectra for LEPS 99 and its isomer 100, LEPS 103, LETS 105 and xanthylium species 117 and 118
all show sharp 1H NMR and 13C NMR signals indicating little or no paramagnetic character.

CH3

CH3

1

H NMR
*CD2Cl2

H2O

*CD2Cl2

13

CH3

C NMR
CH3

Figure 25: 1H NMR and 13C NMR spectra for LETS 106 in CD2Cl2 at room temperature.
ESR studies were carried out for the above mentioned mesityl substituted LEPS and LETS
as well as others. The ESR results corroborate the NMR results well. Thus, those LEPS and LETS
compounds with broad NMR signals all showed strong ESR signals with a g value at about 2.0
indicating π-radical formation. LETS 105 and LEPS 99 showed the ESR signal at about g=2.0 with
moderate and weak intensities, respectively. No ESR signal could be detected for LEPS 103,
LEPS isomer 100, xanthylium salts 117 and 118 (Table 5). The ESR and NMR results are clear.
LEPS and LETS compounds with both five linearly fused rings and with a 2’,6’-dimethylphenyl or
a mesityl substituent at C-13 show strong paramagnetic behavior. For two species with
57

otherwise identical substituents, LETS compounds show greater paramagnetic character than
LEPS compounds.
Table 5: ESR results for LEPS and LETS compounds and xanthylium derivatives.
Compound

Structure

Signal intensity and shape

g value

LETS 106

strong and sharp

2.004

LEPS 101

strong and sharp

2.004

LEPS 104

strong and sharp

2.004

LETS 105

medium and sharp

2.004

Table is continued on the next page
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LEPS 103

no signal

N/A

LEPS 99

weak and sharp

2.004

LEPS isomer 100

no signal

N/A

Xanthylium 117

no signal

N/A

Xanthylium 118

no signal

N/A

VT-NMR experiments with gradual temperature changes were carried out for select
LEPS and LETS compounds that showed broadened NMR signals at room temperature. In these
experiments, the temperature of the NMR probe was gradually lowered in an attempt to
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increase the population of the singlet states relative to the triplet states, thus leading to a
sharpening of NMR signals. Conversely, VT-NMR experiments in which the temperature of the
NMR probe was gradually raised were carried out for LEPS and LETS compounds that showed
sharp NMR signals at room temperature in an attempt to populate low-lying triplet excited
states which will broaden the NMR signals. Only LETS 106 in CD2Cl2 showed obvious
temperature-dependent change of the NMR signals. By decreasing the temperature from 22 °C
to -27 °C, the peaks in the aromatic region of LETS 106 gradually sharpened (Figure 26). By
raising the temperature to 22 °C again, the aromatic signals did not turn broad immediately.
The reverse broadening process took roughly three weeks. In CD3CN, LETS 106 did not show any
change of its NMR spectrum upon lowering the temperature to -27 °C. Thus, solvent effects
appear to play a large role.

22 °C

0 °C

-20 °C

-27 °C

Figure 26: VT-NMR study for LETS 106 in CD2Cl2.
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Assuming that an IMET process (Figure 27) of dipyrylium salt 11665i is operating in LEPS
and LETS compounds, we would expect one electron in an electron-rich mesityl ring to be
transferred to the electron-deficient LEPS or LETS backbone, leading to the formation of a
diradical species. In order to test this assumption, LETS 109 with an electron-rich 4methoxyphenyl substituent and LETS 110 with an electron-deficient 4-trifluoromethylphenyl
substituent were synthesized. A broadened NMR spectrum for 109 would indicate IMET from
the electron-rich substituent to the electron-deficient LETS backbone. An NMR spectrum with
sharp signals for 110 would indicate retarded IMET due to the electron-deficient substituent.
However, the results showed that both 109 and 110 have sharp NMR signals suggesting that
additional structural factors play an important role. Namely, neither 109 or 110 processed 2’,6’dimethyl groups.

Figure 27: Intramolecular electron transfer (IMET) process for LETS compounds.
It is proposed that 2’,6’-dimethyl groups are needed on the 13-phenyl substituent in
order to prevent rapid reverse IMET processes from occurring. Thus, the 2’,6’-dimethyl groups
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ensure that the 13-phenyl substituent sits close to orthogonal to the pentacene-like π-system
of the LEPS and LETS compounds. This essentially prevents the 2’,6’-dimethylphenyl or mesityl
substituents from experiencing π-conjugative effects with the LEPS and LETS π-systems. Based
upon these findings, we predict that the following molecules (Figure 28) will show strong and
lasting paramagnetic character.

Figure 28: Predicted LEPS and LETS structures with strong paramagnetic character.
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Experimental
Analytical Instrumentation
1

H NMR Spectra
1

H NMR spectra were obtained on a Varian Mercury Plus 400 FT-NMR operating at

399.768 MHz or a Varian INOVA 500 FT-NMR operating at 499.763 MHz. All chemical shift (δH)
values are reported in parts per million (ppm) relative to (CH3)4Si (TMS) unless otherwise noted.
All 1H NMR experiments were carried out at room temperature unless otherwise noted.
13

C NMR Spectra
13

C NMR spectra were obtained on a Varian Mercury Plus 400 FT-NMR operating at

100.522 MHz or a Varian INOVA 500 FT-NMR operating at 125.666 MHz. All chemical shift (δc)
values are reported in parts per million (ppm) relative to (CH3)4Si (TMS) unless otherwise noted.
All 13C NMR experiments were carried out at room temperature unless otherwise noted.
Mass Spectroscopy
Matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDITOF-MS) with sulfur as the matrix and Laser desorption ionization time-of-flight mass
spectrometry (LDI-TOF-MS) were performed on a Shimadzu Kratos Axima-CFR running in
reflectron mode. High-resolution mass spectra were recorded at the Notre Dame mass
spectrometry facility.
UV-Vis-NIR Spectroscopy
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UV-Vis-NIR spectra were obtained on a Thermo-Fisher Nicolet Evolution 300
spectrometer using 1 cm quartz cells. Solutions of dibenzoxanthone and dibenzothioxanthone
were prepared using chloroform (ACS reagent grade). Solutions of LEPS and LETS compounds
were prepared using dry dichloromethane from the dry-solvent delivery system.
Crystallographic Methods
Diffraction data for X-ray quality single crystals of the LEPS and LETS compounds were
collected on a Bruker SMART X2S diffractometer using monochromated (doubly curved silicon
crystal) Mo Kα radiation (0.71073 Å).
Cyclic Voltammetry
Cyclic voltammetry (CV) studies of LEPS 99 were performed using a BAS-100B
electrochemical analyzer in a three-electrode single-compartment cell with Pt disk as the
working electrode, Ag/AgCl as the reference electrode, and Pt wire as the auxiliary electrode.
Tetrabutylammonium hexafluorophosphate, TBAPF6, was used as the supporting electrolyte
(0.1 M), and dry dichloromethane from the solvent delivery system was used as the solvent. A
scan rate of 100 mV/s was employed. The concentration of LEPS 99 was 2 mM.
Chromatography
Sand was obtained from Fisher Scientific Co.
Silica Gel (230-400 mesh) was obtained from Natland International Co.
Thin Layer Chromatography Plates (silica) were obtained from Fisher Scientific Co.
Solvents
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Note: All solvents were used without further purification unless otherwise noted. Solvent drying
was carried out for tetrahydrofuran, methylene chloride, diethyl ether and dimethyl formamide
as needed by distillation from sodium (THF) or by passing through a silica column in a drysolvent delivery system.
Acetic Acid (CH3CO2H) was obtained from VWR Chemical Co.
Acetone ((CH3)2CO) was obtained from Pharmco.
Acetonitrile (CH3CN) was obtained from Fisher Scientific Co.
Chloroform (CHCl3) was obtained from Fisher Scientific Co.
Deuterated NMR solvents were obtained from Cambridge Isotope Laboratories.
Dichloromethane (CH2Cl2) was obtained from Fisher Scientific Co.
Diethyl Ether ((CH3CH2)2O) was obtained from Pharmco.
1,4-Dioxane ((CH2CH2)2O2) was obtained from Aldrich Chemical Co.
Ethanol (CH3CH2OH) was obtained from Pharmco.
Ethyl Acetate (CH3CO2CH2CH3) was obtained from Fisher Scientific Co.
Hexanes (C6H14) were obtained from Fisher Scientific Co.
Methanol (CH3OH) was obtained from Pharmco.
Tetrahydrofuran (THF) ((CH2)4O) was obtained from Fisher Scientific Co.
Reagents
Aluminum foil (Al˚) was obtained from Reynolds.
3-Amino-2-naphthoic acid (C11H9NO2) was obtained from Chem-Impex International, Inc.
Ammonium chloride (NH4Cl) was obtained from Fisher Scientific Co.
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Bis(triphenylphosphine)palladium(II) dichloride (Pd(PPh3)2Cl2) was obtained from Aldrich
Chemical Co.
Boron tribromide (BBr3) was obtained from Fluka Co.
4-Bromoanisole (C7H7BrO) was obtained from Aldrich Chemical Co.
4-Bromo-N,N-dimethylaniline (C8H10BrN) was obtained from Aldrich Chemical Co.
2-bromo-1,3-dimethylbenzene (C8H9Br) was obtained from Alfa Aesar Chemical Co.
2-Bromomesitylene (C9H11Br) was obtained from Aldrich Chemical Co.
1-Bromo-2-naphthol (C10H7BrO) was obtained from TCI America Co.
N-Bromosuccinimide (NBS) was obtained from Aldrich Chemical Co.
n-Butyllithium (nBuLi) was obtained from Aldrich Chemical Co.
Cesium fluoride (CsF) was obtained from Aldrich Chemical Co.
Copper (Cu) was obtained from Aldrich Chemical Co.
Copper (I) iodide (CuI) was obtained from Alfa Aesar Chemical Co.
1,4-Cyclohexadiene (C6H8) was obtained from Aldrich Chemical Co.
1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) was obtained from Alfa Aesar Chemical Co.
1,2-Dibromoethane (C2H4Br2) was obtained from Acros Organics Co.
Diethyl amine (C4H11N) was obtained from VWR International.
1,2-Diiodobenzene (C6H4I2) was obtained from VWR International.
1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) was obtained from TCI
America Co.
Dimethyl sulfate (Me2SO4) was obtained from Aldrich Chemical Co.
Hexamethyldisilazane (HMDS) was obtained from Fluka Co.
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Hydrochloric acid (HCl) was obtained from EM Science.
1-Hydroxybenzotriazole monohydrate (HOBT) was obtained from TCI America Co.
3-Hydroxy-2-naphthoic acid (C11H8O3) was obtained from Aldrich Chemical Co.
Iodine (I2) was obtained from Aldrich Chemical Co.
Lithium aluminum hydride (LAH) was obtained from Aldrich Chemical Co.
Lithium diisopropylamide (LDA) was obtained from Aldrich Chemical Co.
Mercuric acetate (Hg(OAc)2) was obtained from J.T. Baker Chemical Co.
2,3-Napthalenedicarboxylic acid (C10H6(CO2H)2) was obtained from TCI America Co.
2-Naphthol (C10H8O) was obtained from Aldrich Chemical Co.
Phenylboronic acid (C6H7BO2) was obtained from Aldrich Chemical Co.
Phenyllithium (C6H5Li) was obtained from Aldrich Chemical Co.
Potassium iodide (KI) was obtained from Aldrich Chemical Co.
Pyridine (C5H5N) was obtained from Aldrich Chemical Co.
Silver nitrate (AgNO3) was obtained from Alfa Aesar Chemical Co.
Sodium bicarbonate (NaHCO3) was obtained from Fisher Scientific Co.
Sodium bisulfite (NaHSO3) was obtained from EM Science.
Sodium borohydride (NaBH4) was obtained from Aldrich Chemical Co.
Sodium carbonate (Na2CO3) was obtained from Fisher Scientific Co.
Sodium chloride (NaCl) was obtained from J.T. Baker Chemical Co.
Sodium hydroxide (NaOH) was obtained from EM Science.
Sodium nitrite (NaNO2) was obtained from Aldrich Chemical Co.
Tetrafluoroboric acid diethyl ether complex (HBF4·Et2O) was obtained from Aldrich Chemical Co.
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2-Thionaphthol (C10H8S) was obtained from VWR International.
Triethylamine (C6H15N) was obtained from Aldrich Chemical Co.
Trifluoroacetic anhydride (Tf2O) was obtained from Alfa Aesar Chemical Co.
(Trimethylsilyl)acetylene (C5H10Si) was obtained from GFS Chemicals.
1,1,1-Tris(acetyloxy)-1,1-dihydro-1,2-benziodoxol-3-(1H)-one (DMP) was obtained from VWR
International.
Experimental Procedures
Synthesis of 54 followed the methods reported by Niimi and coworkers.66 Synthesis of
55 followed the methods reported by Pena and coworkers.67 Synthesis of 57 followed the
methods reported by Lucas and coworkers.68 Synthesis of 65 followed the methods reported by
Wu and coworkers.69 Synthesis of 67 followed the methods reported by Hashmi and
coworkers.70 Synthesis of 69 followed the methods reported by Bowles and coworkers.71
Synthesis of 76 followed the methods reported by Janz and coworkers.72
3-(Naphthalen-2-yloxy)-2-naphthoic acid (45). 2-Iodo-3-naphthoic acid (1.9 g, 6.37 mmol) was
dissolved in DMF (20 mL), followed by 2-naphthol (1.84 g, 12.74 mmol), 1,8diazabicyclo[5.4.0]undec-7-ene (DBU) (2.9 mL, 19.44 mmol), pyridine (0.1 mL), copper (101 mg),
copper(I) iodide (97 mg). The reaction was heated to 105 °C for 80 min. After the reaction
mixture was cooled to room temperature, it was diluted with ethyl acetate (120 mL). Then the
mixture was washed with 1N HCl (240 mL), the aqueous layer was further extracted with ethyl
acetate (2x60 mL). The organic layers were combined and washed with water (3x160 mL), brine
(140 mL) and dried over Na2SO4. The solvent was removed under vacuum and the residue was
dissolved in CH2Cl2 (20 mL). Then sat. Na2CO3 aq. (10 mL) was added to the solution followed by
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vigorous stirring. The resulting precipitates were collected by vacuum filtration and washed
with CH2Cl2, sat. Na2CO3 aq. and air dried. The resulting solid was dissolved in water (650 mL)
followed by adding 2N HCl. The precipitate obtained was washed with water and air dried to
give the product as a beige solid (1.423 g, 71% yield). 1H NMR (CDCl3, 400 MHz) δ 10.80 (s, 1H),
8.85 (s, 1H), 7.96 (dd, J = 8.6, 4.4 Hz, 2H), 7.93-7.87 (m, 1H), 7.82-7.76 (m, 1H), 7.62-7.45 (m,
6H), 7.36 (dd, J = 8.9, 2.5 Hz, 1H), 7.22 (s, 1H).

13

C NMR (CDCl3, 101 MHz) δ 166.29, 153.82,

152.63, 136.47, 136.20, 134.31, 131.29, 130.80, 129.56, 129.49, 129.41, 128.07, 127.63, 127.19,
126.92, 126.14, 125.97, 120.32, 119.45, 116.94, 114.28. MALDI-MS m/z: 314.1 [M]+. HRMS (ESI)
m/z = 315.1013 [M+H]+, calcd m/z = 315.1016 (Error = 0.9 ppm).
N,N-Diethyl-3-(naphthalen-2-yloxy)-2-naphthamide (46) N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) (124 mg, 0.64 mmol) and hydroxybenzotriazole monohydrate
(HOBT·H2O) (104 mg, 0.68 mmol) were added to a solution of 45 (200 mg, 0.64 mmol) dissolved
in CH2Cl2 (15 mL). The resulting mixture was stirred at room temperature for 15 min. Then it
was treated with diethylamine (0.10 mL, 0.97 mmol) and triethyl amine (0.20 mL, 1.32 mmol).
The reaction stood overnight under room temperature. CH2Cl2 (30 mL) was added and the
solution was washed with 0.5 N HCl (4x40 mL), 0.5 N NaOH (3x40 mL), brine (40 mL) and dried
over Na2SO4. The solvent was removed under vacuum and the crude product was subjected to
column chromatography (silica, ethyl acetate/hexanes, 1:4) to obtain the pure product as a
colorless oil (206 mg, 88% yield). 1H NMR (CDCl3, 400 MHz) δ 7.90-7.82 (m, 4H), 7.75 (dd, J = 7.8,
1.6 Hz, 1H), 7.65-7.60 (m, 1H), 7.51-7.41 (m, 5H), 7.34 (dd, J = 8.9, 2.4 Hz, 1H), 7.26 (s, 1H), 3.823.19 (m, 4H), 1.17 (t, J = 7.2 Hz, 3H), 1.13 (t, J = 7.1 Hz, 3H). 13C NMR (CDCl3, 101 MHz) δ 167.83,
154.23, 151.81, 134.39, 134.16, 130.68, 130.14, 129.83, 128.05, 127.89, 127.84, 127.40, 127.18,
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127.05, 126.69, 125.38, 125.14, 120.40, 115.56, 113.88, 43.08, 38.98, 14.23, 12.88. MALDI-MS
m/z: 369.4 [M]+. HRMS (ESI) m/z = 370.1801 [M+H]+, calcd m/z = 370.1802 (Error = 0.1 ppm).
13H-Dibenzo[b,i]xanthen-13-one (38) and 14H-Dibenzo[a,i]xanthen-14-one (42) (Via LDAmediated ring closure): To a solution of 46 (206 mg, 0.56 mmol) in THF (5 mL) was treated with
LDA mono (tetrahydrofuran) solution (1.5 M in cyclohexane, 1.5 mL, 2.25 mmol) at 0 °C. The
reaction mixture was allowed to warm to room temperature for 4.5 h. Sat. NH4Cl aq. (5 mL) was
added to quench the reaction, followed by water (10 mL). The resulting mixture was extracted
with CH2Cl2 (2x20 mL). The organic layers were combined and washed with 1N HCl (3x20 mL),
water (2x15 mL), brine (15 mL), dried over Na2SO4. The solvent was removed under vacuum to
obtain the crude mixture of 38 and 42 as an orange solid (163 mg, 99% yield). The crude
mixture was directly used in the next step without further purification. Another small scale of
the crude mixture was subjected to column chromatography (silica, chloroform/hexanes, 13:7)
to obtain pure 38 and 42 both as yellow solids. (38): 1H NMR (CDCl3, 400 MHz) δ 8.97 (s, 2H),
8.10-8.05 (m, 2H), 7.92 (dd, J = 8.3, 1.1 Hz, 2H), 7.88 (s, 2H), 7.63 (ddd, J = 8.2, 6.7, 1.2 Hz, 2H),
7.50 (ddd, J = 8.1, 6.7, 1.2 Hz, 2H). 13C NMR (CDCl3, 101 MHz) δ 178.88, 152.82, 137.25, 130.07,
129.51, 129.39, 129.05, 127.15, 125.53, 121.11, 113.39. MALDI-MS m/z: 296.4 [M]+. HRMS (ESI)
m/z = 297.0923 [M+H]+, calcd m/z = 297.0910 (Error = -4.1 ppm). UV-Vis-NIR: λmax (CHCl3) = 293,
330, 354, 436 nm. (42): 1H NMR (CDCl3, 400 MHz) δ 10.09 (dt, J = 8.8, 1.0 Hz, 1H), 9.02 (s, 1H),
8.20-8.09 (m, 2H), 7.98-7.89 (m, 3H), 7.81 (ddt, J = 8.2, 6.9, 1.3 Hz, 1H), 7.65-7.57 (m, 3H), 7.52
(ddt, J = 7.9, 6.7, 1.2 Hz, 1H).
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C NMR (CDCl3, 101 MHz) δ 179.38, 158.52, 151.35, 137.35,

136.31, 131.46, 130.15, 130.08, 129.92, 128.89, 128.60, 128.28, 127.19, 127.02, 126.12, 125.69,
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123.06, 118.35, 113.77, 113.40. MALDI-MS m/z: 296.8 [M]+. HRMS (ESI) m/z = 297.0935 [MH]+,
calcd m/z = 297.0910 (Error = -8.3 ppm). UV-Vis-NIR: λmax (CHCl3) = 318, 344, 383, 399 nm.
13H-Dibenzo[b,i]xanthen-13-one (38) (Via naphthalyne intermediate (58)): CsF (2.16 mmol),
the salicylate (57) (0.54 mmol), and the silylaryl triflate 55 (0.59 mmol) in anhydrous THF (6 mL)
were stirred at 65 °C for 24 h. The reaction mixture was allowed to cool to room temperature,
diluted with CH2Cl2 (40 mL) and washed with brine (20 mL), dried over Na2SO4. The solvent was
removed under vacuum and the residue was subjected to column chromatography (silica,
chloroform/hexanes, 13:7) to obtain the product as a yellow solid (29 mg, 18% yield).
3-((1-Phenylnaphthalen-2-yl)oxy)-2-naphthoic acid (72): A mixture of 2-iodo-3-naphthoic acid
(813 mg, 2.73 mmol), 1-phenyl-2-naphthol (720 mg, 3.27 mmol), DBU (1.0 mL, 6.83 mmol),
pyridine (0.05 mL, 0.546 mmol), copper (50 mg) and copper(I) iodide (50 mg) in DMF (10 mL)
was kept at 105 °C for 2 h. The reaction mixture was cooled and diluted with EtOAc (70 mL).
Then it was washed with 1N HCl (3x50 mL), H2O (2x50 mL), brine (2x50 mL) and dried over
Na2SO4. The solvent was evaporated under vacuum and the residue was subjected to column
chromatography (silica, ethyl acetate/hexanes, 2:3). The purified product ran through the
column and the unpurified product left on the top of the column were combined (469 mg, 44%)
and directly used in the next step. 1H NMR (CDCl3, 400 MHz) δ 8.69 (s, 1H), 8.03 (d, J = 8.9 Hz,
1H), 7.99 (d, J = 8.2 Hz, 1H), 7.89 (d, J = 8.2 Hz, 1H), 7.65 (d, J = 8.4 Hz, 1H), 7.61-7.40 (m, 6H),
7.37-7.31 (m, 3H), 7.31-7.27 (m, 2H), 7.06 (s, 1H). 13C NMR (CDCl3, 101 MHz) δ 165.20, 154.26,
147.63, 136.27, 136.25, 134.20, 133.94, 132.03, 131.73, 130.20, 130.01, 129.51, 129.50, 128.97,
128.70, 128.32, 128.29, 127.24, 126.73, 126.49, 126.28, 125.83, 120.87, 118.25, 111.73. MALDI-
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MS m/z: 390.6 [M]+. HRMS (ESI) m/z = 413.1149 [M+Na]+, calcd m/z = 413.1148 (Error = -0.1
ppm).
N,N-Diethyl-3-((1-phenylnaphthalen-2-yl)oxy)-2-naphthamide

(73):

N-(3-

Dimethylaminopropyl)-N′-ethyl-carbodiimide hydrochloride (EDC) (159 mg, 0.83 mmol) and
hydroxybenzotriazole monohydrate (HOBT·H2O) (127 mg, 0.83 mmol) were added to a solution
of 72 (270 mg, 0.69 mmol) dissolved in CH2Cl2 (15 mL). The resulting mixture was stirred at
room temperature for 15 min. Then it was treated with diethylamine (0.15 mL, 1.38 mmol) and
triethyl amine (0.21 mL, 1.38 mmol). The reaction stood under room temperature for 5 h.
CH2Cl2 (30 mL) was added and the solution was washed with 0.5 N HCl (3x40 mL), 0.5 N NaOH
(2x40 mL), brine (40 mL) and dried over Na2SO4. The solvent was removed under vacuum and
the crude product was subjected to column chromatography (silica, ethyl acetate/hexanes, 1:3)
to obtain the pure product as a white solid (251 mg, 81% yield). 1H NMR (CD2Cl2, 400 MHz) δ
7.98-7.91 (m, 2H), 7.80 (d, J = 7.9 Hz, 1H), 7.69 (s, 1H), 7.57 (t, J = 8.2 Hz, 2H), 7.53-7.25 (m, 10H),
7.04 (s, 1H), 3.79-3.59 (m, 1H), 3.28-3.13 (m, 1H), 2.77-2.62 (m, 1H), 2.61-2.39 (m, 1H), 1.12 (t, J
= 7.2 Hz, 3H), 0.76 (t, J = 7.3 Hz, 3H).
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C NMR (CD2Cl2, 101 MHz) δ 167.76, 153.32, 149.71,

136.16, 134.50, 134.46, 131.81, 131.25, 131.13, 130.53, 130.23, 129.77, 129.67, 128.71, 128.57,
128.31, 127.99, 127.59, 127.43, 127.27, 127.09, 126.44, 125.80, 125.31, 121.43, 111.39, 42.61,
39.27, 14.07, 13.11. MALDI-MS m/z: 445.8 [M]+. HRMS (ESI) m/z = 446.2117 [M+H]+, calcd m/z =
446.2115 (Error = -0.6 ppm).
5-Phenyl-13H-dibenzo[b,i]xanthen-13-one (74): To a solution of 73 (231 mg, 0.52 mmol) in THF
(6 mL) was treated with LDA mono (tetrahydrofuran) solution (1.5 M in cyclohexane, 1.4 mL,
2.08 mmol) at 0 °C. The reaction mixture was allowed to warm to room temperature for 1 h. Sat.
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NH4Cl aq. (10 mL) was added to quench the reaction, followed by water (10 mL). The resulting
mixture was extracted with CH2Cl2 (70 mL). The organic layers were combined and washed with
water (2x25 mL), brine (25 mL), dried over Na2SO4. The solvent was removed under vacuum to
obtain the crude product which was subjected to column chromatography (silica,
chloroform/hexanes, 1:2) to obtain the pure product as a yellow solid (188 mg, 97%). 1H NMR
(CDCl3, 400 MHz) δ 9.02 (s, 1H), 8.95 (s, 1H), 8.11 (dd, J = 7.6, 1.8 Hz, 1H), 8.05 (d, J = 8.3 Hz, 1H),
7.79 (d, J = 8.4 Hz, 1H), 7.74-7.67 (m, 1H), 7.66-7.61 (m, 3H), 7.60-7.41 (m, 7H). 13C NMR (CDCl3,
101 MHz) δ 179.11, 152.72, 149.25, 137.18, 136.32, 134.80, 131.30, 130.29, 130.03, 129.47,
129.41, 129.31, 129.28, 128.82, 128.59, 128.57, 127.99, 127.03, 126.00, 125.82, 125.45, 125.30,
120.84, 120.71, 113.67. MALDI-MS m/z: 372.7 [M]+. HRMS (ESI) m/z = 373.1208 [M+H]+, calcd
m/z = 373.1223 (Error = 4.1 ppm). UV-Vis: λmax (CHCl3) = 298, 332, 358, 445 nm.
3-(Naphthalen-2-ylthio)-2-naphthoic acid (78): 2-Iodo-3-naphthoic acid (2822 mg, 9.47 mmol)
was dissolved in DMF (30 mL), followed by 2-thionaphthol (3034 mg, 18.93 mmol), 1,8diazabicyclo[5.4.0]undec-7-ene (DBU) (4.25 mL, 28.41 mmol), pyridine (0.15 mL), copper (166
mg), copper(I) iodide (166 mg). The reaction was heated to 105 °C for 2 h. After the reaction
mixture was cooled to room temperature, it was diluted with ethyl acetate (120 mL). Then the
mixture was washed with 1N HCl (120 mL), the resulting suspension was filtered through the
celite pad to get rid of the precipitate. The aqueous layer was extracted with EtOAc (2x75 mL).
The organic layers were combined and washed with brine (2x70 mL) and dried over Na2SO4. The
solvent was removed under vacuum. The residue was washed with cold EtOAc/Hexanes (2:5) to
yield the crude product as a brown solid (3357 mg, 107%) which was used in the next step
without further purification. Another small scale of the residue was purified through column
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chromatography (silica, hexanes/ethyl acetate/acetic acid = 5:2:0.08) to obtain the pure
product as an off-white solid. 1H NMR (CDCl3, 400 MHz) δ 8.74 (s, 1H), 8.18 (s, 1H), 7.96-7.82 (m,
4H), 7.61-7.51 (m, 3H), 7.48-7.41 (m, 3H), 7.31 (s, 1H).

13

C NMR (Acetone-d6, 101 MHz) δ

167.04, 137.71, 135.27, 134.46, 134.39, 133.45, 132.53, 131.49, 131.36, 130.52, 129.74, 129.03,
128.96, 128.07, 127.26, 126.99, 126.89, 126.87, 126.46. MALDI-MS m/z: 330.6 [M]+. HRMS (ESI)
m/z = 331.0794 [M+H]+, calcd m/z = 331.0787 (Error = -1.9 ppm).
N,N-Diethyl-3-(naphthalen-2-ylthio)-2-naphthamide (79): N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) (2339 mg, 12.20 mmol) and hydroxybenzotriazole
monohydrate (HOBT·H2O) (1869 mg, 12.20 mmol) were added to a solution of 78 (3357 mg,
10.17 mmol) dissolved in CH2Cl2 (70 mL). The resulting mixture was stirred at room temperature
for 15 min. Then it was treated with diethylamine (2.10 mL, 20.34 mmol) and triethyl amine
(3.1 mL, 20.34 mmol). The reaction stood under room temperature for 10 h. CH2Cl2 (50 mL) was
added and the solution was washed with 0.5 N HCl (2x150 mL), 0.5 N NaOH (2x100 mL), brine
(50 mL) and dried over Na2SO4. The solvent was removed under vacuum and the crude product
was subjected to column chromatography (silica, ethyl acetate/hexanes, 1:3) to obtain the pure
product as an off-white solid (3365 mg, 86% yield). 1H NMR (CDCl3, 400 MHz) δ 7.99 (s, 1H),
7.86-7.73 (m, 5H), 7.61 (dd, J = 7.4, 1.9 Hz, 1H), 7.54-7.40 (m, 5H), 3.63 (s, 2H), 3.19 (q, J = 7.1
Hz, 2H), 1.30 (t, J = 7.2 Hz, 3H), 1.09 (t, J = 7.1 Hz, 3H).
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C NMR (CDCl3, 101 MHz) δ 169.03,

136.57, 133.91, 133.57, 132.68, 131.87, 131.78, 131.42, 131.23, 130.73, 129.56, 129.17, 127.93,
127.88, 127.67, 127.31, 127.15, 126.78, 126.74, 126.58, 125.87, 43.09, 39.08, 14.17, 12.83.
MALDI-MS m/z: 385.1 [M]+. HRMS (ESI) m/z = 386.1550 [M+H]+, calcd m/z = 386.1573 (Error =
6.0 ppm).
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13H-Dibenzo[b,i]thioxanthen-13-one (80): To a solution of 79 (3355 mg, 8.70 mmol) in THF (25
mL) was treated with LDA solution (2.0 M in THF/heptane/ethylbenzene, 21.8 mL, 43.50 mmol)
at 0 °C. The reaction mixture was allowed to warm to room temperature for 4 h. Sat. NH4Cl aq.
(20 mL) was added to quench the reaction, followed by water (20 mL). The suspension was
filtered and the yellow solid was washed with water and air-dried. The remaining solid was
washed with CH2Cl2 several times to get rid of isomer 81 and other impurities to obtain pure 80
as a light yellow solid (1160 mg, 43%). 1H NMR (CDCl3, 400 MHz) δ 9.20 (s, 2H), 8.09 (d, J = 8.3
Hz, 2H), 8.03 (s, 2H), 7.85 (d, J = 8.3 Hz, 2H), 7.64 (t, J = 7.5 Hz, 2H), 7.54 (t, J = 7.3 Hz, 2H). 13C
NMR (CDCl3, 101 MHz, 55 oC) δ 135.44, 132.34, 132.05, 131.41, 130.29, 129.59, 127.33, 126.67,
126.31, 123.80, the signal for the carbonyl group was missing due to the poor solubility. MALDIMS m/z: 312.6 [M]+. HRMS (ESI) m/z = 313.0689 [M+H]+, calcd m/z = 313.0682 (Error = -2.2
ppm). UV-Vis: λmax (CHCl3) = 360, 467 nm.
13-Phenyl-dibenzo[b,i]xanthen-13-ol (83) and 14-Phenyl-dibenzo[a,i]xanthen-14-ol (82): To a
solution of the crude mixture of 38 and 42 (163 mg, 0.55 mmol) in THF (10 mL) was treated with
phenyllithium solution (1.8 M in dibutyl ether, 0.60 mL, 1.08 mmol) under ice bath. The
reaction mixture was allowed to rise to room temperature and stood for 4 h. The reaction was
quenched with sat. NH4Cl aq. (10 mL), followed by water (20 mL). The mixture was extracted
with CH2Cl2 (3x20 mL). The organic layers were combined and washed with water (2x15 mL),
brine (15 mL), dried over Na2SO4. The solvent was removed under vacuum and the crude
product was subjected to column chromatography (silica, ethyl acetate/hexanes, 1:20 to 1:15)
to obtain 83 as a yellow solid (74 mg, 35% yield) and 82 as a yellowish green solid (57 mg, 27%
yield). (83): 1H NMR (CD2Cl2, 400 MHz) δ 8.13 (s, 2H), 7.84 (ddd, J = 10.3, 8.2, 1.2 Hz, 4H), 7.69
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(s, 2H), 7.49 (ddd, J = 8.2, 6.8, 1.3 Hz, 2H), 7.40 (tdd, J = 8.1, 7.0, 1.4 Hz, 4H), 7.28-7.22 (m, 2H),
7.20-7.15 (m, 1H), 3.10 (s, 1H). 13C NMR (CD2Cl2, 101 MHz) δ 149.53, 147.99, 134.39, 131.11,
130.85, 128.76, 128.55, 127.72, 127.66, 127.45, 127.29, 126.22, 125.19, 112.43, 72.33. MALDIMS m/z: 374.1 [M]+. HRMS (ESI) m/z = 357.1268 [M-OH]+, calcd m/z = 357.1274 (Error = 1.7
ppm). (82): 1H NMR (CD2Cl2, 400 MHz) δ 8.46-8.38 (m, 1H), 8.11 (s, 1H), 7.88 (d, J = 8.9 Hz, 1H),
7.83-7.74 (m, 3H), 7.63-7.55 (m, 3H), 7.49-7.40 (m, 2H), 7.37-7.22 (m, 5H), 7.16-7.09 (m, 1H),
3.25 (s, 1H).
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C NMR (CD2Cl2, 101 MHz) δ 149.61, 149.04, 146.78, 133.96, 132.02, 131.71,

130.94, 130.44, 129.68, 129.11, 128.77, 128.48, 127.41, 127.38, 127.13, 126.99, 126.81, 125.71,
125.04, 124.63, 118.30, 117.67, 111.87, 71.88. MALDI-MS m/z: 374.2 [M]+. HRMS (ESI) m/z =
357.1271 [M-OH]+, calcd m/z = 357.1274 (Error = 0.8 ppm).
13-Mesityl-13H-dibenzo[b,i]xanthen-13-ol (85): To a solution of 2-bromomesitylene (0.083 mL,
0.54 mmol) in dry THF (3 mL) was added n-BuLi (2.5 M in hexane, 0.43 mL, 1.08 mmol) at -78 °C.
The colorless solution was stirred for 40 min and a suspension of the crude mixture of 38 and
42 (80 mg, 0.27 mmol) in dry THF (4 mL) was added dropwise. The reaction mixture was
warmed up to room temperature for 3 h. The reaction was quenched with sat. NH4Cl aq. (5 mL),
followed by Water (10 mL). The mixture was extracted with CH2Cl2 (2x25 mL). The organic layers
were combined and washed with brine (15 mL), dried over Na2SO4. The solvent was removed
under vacuum and the crude product was subjected to column chromatography (silica, ethyl
acetate/hexanes, 1:20) to obtain crude 85 which was further subjected to recrystallization with
CHCl3 and hexanes to obtain pure 85 as a colorless crystal (37 mg, 33%). 1H NMR (CDCl3, 400
MHz) 7.83 (d, J = 8.2 Hz, 2H), 7.69 (t, J = 4.1 Hz, 4H), 7.62 (s, 2H), 7.46 (ddd, J = 8.2, 6.8, 1.2 Hz,
2H), 7.33 (ddd, J = 8.1, 6.8, 1.2 Hz, 2H), 6.91 (s, 2H), 2.35 (s, 3H), 2.28-2.03 (brs, 3H), 2.20 (s, 1H).
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C NMR (CDCl3, 101 MHz) δ 148.43, 137.73, 137.71, 136.97, 134.15, 131.95, 130.33, 130.17,

128.28, 127.53, 127.00, 126.88, 124.46, 112.17, 75.77, 24.69, 20.83. MALDI-MS m/z: 416.5 [M]+.
HRMS (ESI) m/z = 399.1741 [M-OH]+, calcd m/z = 399.1743 (Error = 0.6 ppm).
13-(4-(Dimethylamino)phenyl)-13H-dibenzo[b,i]xanthen-13-ol (87): To a solution of 4-bromoN,N-dimethylaniline (108 mg, 0.54 mmol) in dry THF (2 mL) was added n-BuLi (2.5 M in hexane,
0.43 mL, 1.08 mmol) at -78 °C. The colorless solution was stirred for 1 h and a suspension of the
crude mixture of 38 and 42 (80 mg, 0.27 mmol) in dry THF (4 mL) was added dropwise. The
reaction mixture was stirred at room temperature overnight. The reaction was quenched with
sat. NH4Cl aq. (5 mL), followed by Water (10 mL). The mixture was extracted with CH2Cl2 (2x25
mL). The organic layers were combined and washed with brine (15 mL), dried over Na2SO4. The
solvent was removed under vacuum and the crude product was subjected to TLC preparative
plate (silica, ethyl acetate/hexanes, 1:5) to obtain 87 (10 mg, 9%). 1H NMR (CDCl3, 400 MHz)
8.16 (s, 2H), 7.86-7.78 (m, 4H), 7.64 (s, 2H), 7.46 (ddd, J = 8.3, 6.8, 1.2 Hz, 2H), 7.37 (ddd, J = 8.0,
6.8, 1.2 Hz, 2H), 7.25-7.16 (m, 2H), 6.62-6.53 (m, 2H), 2.88 (brs, 1H), 2.87 (s, 6H). 13C NMR (CDCl3,
101 MHz) δ 149.69, 149.52, 134.77, 133.86, 131.26, 130.44, 128.29, 127.07, 126.93, 126.90,
126.79, 124.58, 112.11, 112.07, 72.18, 40.57. MALDI-MS m/z: 417.7 [M]+. HRMS (ESI) m/z =
418.1783 [M+H]+, calcd m/z = 418.1802 (Error = 4.3 ppm).
5,13-Diphenyl-13H-dibenzo[b,i]xanthen-13-ol (88): To a solution of 74 (69 mg, 0.19 mmol) in
THF (10 mL) was treated with phenyllithium solution (1.8 M in dibutyl ether, 0.21 mL, 0.38
mmol) under ice bath. The reaction mixture was allowed to rise to room temperature and stood
for 4 h. The reaction was quenched with sat. NH4Cl aq. (10 mL), followed by water (10 mL). The
mixture was extracted with CH2Cl2 (2x25 mL). The organic layers were combined and washed
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with brine (15 mL), dried over Na2SO4. The solvent was removed under vacuum and the crude
product was subjected to column chromatography (silica, ethyl acetate/hexanes, 1:10) to
obtain pure 88 as a light yellow solid (58 mg, 70% yield). 1H NMR (CD2Cl2, 400 MHz) δ 8.21 (s,
1H), 8.14 (s, 1H), 7.89-7.83 (m, 1H), 7.80 (d, J = 8.2 Hz, 1H), 7.75 (d, J = 8.2 Hz, 1H), 7.68-7.49 (m,
6H), 7.49-7.33 (m, 7H), 7.31-7.24 (m, 2H) ), 7.23-7.15 (m, 1H), 3.21 (s, 1H). 13C NMR (CD2Cl2, 126
MHz) δ 149.67, 147.67, 146.20, 135.98, 134.34, 133.47, 131.89, 131.75, 131.33, 131.27, 130.90,
130.80, 128.86, 128.83, 128.80, 128.57, 128.09, 127.79, 127.40, 127.35, 127.27, 127.26, 127.03,
126.36, 125.93, 125.25, 125.20, 125.06, 72.82. MALDI-MS m/z: 450.7 [M]+. HRMS (ESI) m/z =
433.1579 [M-OH]+, calcd m/z = 433.1587 (Error = 1.7 ppm).
13-Mesityl-5-phenyl-13H-dibenzo[b,i]xanthen-13-ol (89): To a solution of 2-bromomesitylene
(0.017 mL, 0.113 mmol) in dry THF (1 mL) was added n-BuLi (2.5 M in hexane, 0.09 mL, 0.224
mmol) at -78 °C. The colorless solution was stirred for 40 min and a solution of 74 (21 mg, 0.056
mmol) in dry THF (2 mL) was added dropwise. The reaction mixture was stirred under room
temperature overnight. The reaction was quenched with sat. NH4Cl aq. (5 mL), followed by
water (10 mL). The mixture was extracted with CH2Cl2 (2x15 mL). The organic layers were
combined and washed with brine (15 mL), dried over Na2SO4. The solvent was removed under
vacuum and the crude product was subjected to column chromatography (silica, ethyl
acetate/hexanes, 1:20) to obtain crude 89 as a yellow oil which was further subjected to
trituration with cold hexanes to obtain pure 89 as a light yellow solid (20 mg, 71%).). 1H NMR
(CD2Cl2, 500 MHz) δ 7.77-7.70 (m, 2H), 7.70-7.52 (m, 9H), 7.45-7.28 (m, 5H), 6.94 (s, 2H), 2.39 (s,
1H), 2.35 (s, 3H), 2.26-2.11 (m, 6H).
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C NMR (CD2Cl2, 126 MHz) δ 148.41, 144.97, 137.79,

137.63, 136.99, 135.71, 134.06, 133.31, 131.97, 131.50, 131.43, 130.29, 130.19, 130.11, 129.97,
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129.24, 128.49, 128.39, 128.33, 128.24, 127.56, 127.18, 127.13, 126.91, 126.88, 126.76, 125.54,
124.69, 124.40, 124.28, 112.44, 76.17, 24.76, 20.84. HRMS (ESI) m/z = 475.2043 [M-OH]+, calcd
m/z = 475.2056 (Error = 2.9 ppm).
13-Phenyl-13H-dibenzo[b,i]thioxanthen-13-ol (90): To a suspension of 80 (50 mg, 0.16 mmol)
in THF (5 mL) was treated with phenyllithium solution (1.8 M in dibutyl ether, 0.27 mL, 0.48
mmol) under ice bath. The reaction mixture was allowed to rise to room temperature and stood
for 4 h. The reaction was quenched with sat. NH4Cl aq. (5 mL), followed by water (20 mL). The
mixture was extracted with CH2Cl2 (40 mL). The organic layers were combined and washed with
brine (10 mL), dried over Na2SO4. The solvent was removed under vacuum and the crude
product was subjected to column chromatography (silica, ethyl acetate/hexanes, 1:10) to
obtain pure 90 as an off-white solid (57 mg, 90% yield). 1H NMR (CDCl3, 400 MHz) δ 8.61 (s, 2H),
7.97 (m, 4H), 7.85-7.75 (m, 2H), 7.56-7.47 (m, 4H), 7.24-7.17 (m, 1H), 7.17-7.09 (m, 2H), 7.016.92 (m, 2H), 2.99 (s, 1H). 13C NMR (CDCl3, 101 MHz) δ 143.09, 139.35, 132.72, 132.16, 130.27,
128.53, 128.36, 128.33, 127.51, 126.95, 126.88, 126.14, 125.86, 124.97, 78.46. MALDI-MS m/z:
390.0 [M]+. HRMS (ESI) m/z = 373.1052 [M-OH]+, calcd m/z = 373.1045 (Error = -1.6 ppm).
13-Mesityl-13H-dibenzo[b,i]thioxanthen-13-ol (91): To a solution of 2-bromomesitylene (0.07
mL, 0.45 mmol) in dry THF (2 mL) was added n-BuLi (2.5 M in hexane, 0.36 mL, 0.90 mmol) at 78 °C. The colorless solution was stirred for 40 min and a suspension of 80 (47 mg, 0.15 mmol)
in dry THF (4 mL) was added dropwise. The reaction mixture was warmed to room temperature
for 4 h. The reaction was quenched with sat. NH4Cl aq. (5 mL), followed by water (10 mL). The
mixture was extracted with EtOAc (2x20 mL). The organic layers were combined and washed
with brine, dried over Na2SO4. The solvent was removed under vacuum and the crude product
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was subjected to column chromatography (silica, ethyl acetate/hexanes, 1:20) to obtain crude
91 which was further subjected to trituration with cold hexanes to obtain pure 91 as an offwhite solid (47 mg, 72%). 1H NMR (CDCl3, 400 MHz) δ 7.96 (s, 2H), 7.76 (d, J = 8.3 Hz, 2H), 7.63
(d, J = 8.2 Hz, 2H), 7.57 (s, 2H), 7.46 (ddd, J = 8.2, 6.8, 1.3 Hz, 2H), 7.35 (ddd, J = 8.2, 6.7, 1.2 Hz,
2H), 6.96 (s, 2H), 2.61 (s, 1H), 2.42 (s, 3H), 2.12 (brs, 6H). 13C NMR (CDCl3, 101 MHz) δ 138.48,
138.18, 137.12, 136.86, 132.84, 132.08, 131.94, 128.64, 127.98, 127.88, 127.20, 126.44, 125.52,
124.05, 81.45, 24.84, 20.91. MALDI-MS m/z: 431.8 [M]+. HRMS (ESI) m/z = 415.1537 [M-OH]+,
calcd m/z = 415.1515 (Error = -5.4 ppm).
13-(2,6-Dimethylphenyl)-13H-dibenzo[b,i]thioxanthen-13-ol (92): To a solution of 2-bromo1,3-dimethylbenzene (0.04 mL, 0.29 mmol) in dry THF (2 mL) was added n-BuLi (2.5 M in
hexane, 0.13 mL, 0.32 mmol) at -78 °C. The colorless solution was stirred for 50 min and a
suspension of 80 (60 mg, 0.19 mmol) in dry THF (3 mL) was added dropwise. The reaction
mixture was warmed to room temperature for 3 h. The reaction was quenched with sat. NH4Cl
aq. (5 mL), followed by water (10 mL). The mixture was extracted with EtOAc (2x20 mL). The
organic layers were combined and washed with brine, dried over Na2SO4. The solvent was
removed under vacuum and the crude product was subjected to column chromatography (silica,
ethyl acetate/hexanes, 1:15) to obtain crude 92 which was further subjected to trituration with
cold hexanes to obtain pure 92 as a light brown solid (44 mg, 55%). 1H NMR (CDCl3, 400 MHz) δ
7.96 (s, 2H), 7.76 (d, J = 8.3 Hz, 2H), 7.61 (d, J = 8.2 Hz, 2H), 7.53 (s, 2H), 7.47 (ddd, J = 8.2, 6.8,
1.3 Hz, 2H), 7.36 (ddd, J = 8.1, 6.8, 1.2 Hz, 2H), 7.27 (t, J = 7.9 Hz, 1H), 7.14 (d, J = 7.5 Hz, 2H),
2.53 (s, 1H), 2.16 (brs, 6H).

13

C NMR (CDCl3, 101 MHz) δ 140.25, 138.39, 138.31, 132.86, 132.07,
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131.17, 128.63, 127.90, 127.87, 127.60, 127.27, 126.46, 125.59, 124.08, 81.53, 24.99. MALDIMS m/z: 417.8 [M]+.
13-(4-Methylphenyl)-13H-dibenzo[b,i]thioxanthen-13-ol (93):

To a solution of 1-bromo-4-

methylbenzene (50 mg, 0.29 mmol) in dry THF (2 mL) was added n-BuLi (1 M in hexane, 0.32 mL,
0.32 mmol) at -78 °C. The colorless solution was stirred for 1 h and a suspension of 80 (60 mg,
0.19 mmol) in dry THF (3 mL) was added dropwise. The reaction mixture was warmed to room
temperature for 4 h. The reaction was quenched with sat. NH4Cl aq. (5 mL), followed by water
(10 mL). The mixture was extracted with EtOAc (20 mL). The organic layers were washed with
brine, dried over Na2SO4. The solvent was removed under vacuum and the crude product was
subjected to column chromatography (silica, ethyl acetate/hexanes, 1:10) to obtain crude 93
which was further subjected to trituration with cold hexanes to obtain pure 93 as a white solid
(31 mg, 40%). 1H NMR (CDCl3, 400 MHz) δ 8.60 (s, 2H), 8.04-7.91 (m, 4H), 7.87-7.75 (m, 2H),
7.59-7.44 (m, 4H), 6.99 (d, J = 8.1, 2H), 6.88-6.78 (m, 2H), 2.97 (s, 1H), 2.23 (s, 3H).

13

C NMR

(CDCl3, 101 MHz) δ 140.19, 139.47, 138.19, 132.68, 132.15, 130.24, 129.06, 128.52, 127.43,
126.88, 126.87, 126.09, 125.83, 124.88, 78.25, 21.20. MALDI-MS m/z: 404.2 [M]+.
13-(4-Methoxyphenyl)-13H-dibenzo[b,i]thioxanthen-13-ol (94):

To a solution of 4-

bromoanisole (0.08 mL, 0.64 mmol) in dry THF (2 mL) was added n-BuLi (2.5 M in hexane, 0.51
mL, 1.28 mmol) at -78 °C. The colorless solution was stirred for 1 h and a suspension of 80 (50
mg, 0.16 mmol) in dry THF (2.5 mL) was added dropwise. The reaction mixture was warmed to
room temperature for 6 h. The reaction was quenched with sat. NH4Cl aq. (3 mL), followed by
water (10 mL). The resulting suspension was filtered to recover 25 mg of 80. The filtrate was
extracted with EtOAc (2x20 mL). The organic layers were combined and washed with brine,
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dried over Na2SO4. The solvent was removed under vacuum and the crude product was
subjected to column chromatography (silica, ethyl acetate/hexanes, 1:6) to obtain 94 as a white
solid (15 mg, 22%). 1H NMR (CDCl3, 400 MHz) δ 8.60 (s, 2H), 7.99-7.94 (m, 4H), 7.84-7.75 (m,
2H), 7.57-7.46 (m, 4H), 6.90-6.81 (m, 2H), 6.67-6.59 (m, 2H), 3.69 (s, 3H), 2.96 (s, 1H).

13

C NMR

(CDCl3, 101 MHz) δ 159.40, 139.52, 135.16, 132.66, 132.14, 130.22, 128.91, 128.51, 126.89,
126.87, 126.10, 125.82, 124.81, 113.57, 78.05, 55.29. MALDI-MS m/z: 419.9 [M]+. HRMS (ESI)
m/z = 403.1137 [M-OH]+, calcd m/z = 403.1151 (Error = 3.5 ppm).
13-(4-(Trifluoromethyl)phenyl)-13H-dibenzo[b,i]thioxanthen-13-ol (95): To a solution of 1bromo-4-(trifluoromethyl)benzene (0.04 mL, 0.29 mmol) in dry THF (2 mL) was added n-BuLi
(1.1 M in hexane, 0.29 mL, 0.32 mmol) at -40 °C. The colorless solution was stirred for 50 min
and a suspension of 80 (60 mg, 0.19 mmol) in dry THF (3 mL) was added dropwise. The reaction
mixture was warmed to room temperature for 2 h. The reaction was quenched with sat. NH4Cl
aq. (5 mL), followed by water (10 mL). The mixture was extracted with EtOAc (2x20 mL). The
organic layers were combined and washed with brine, dried over Na2SO4. The solvent was
removed under vacuum and the crude product was subjected to column chromatography (silica,
ethyl acetate/hexanes, 1:10) to obtain crude 95 which was further subjected to trituration with
cold hexanes to obtain pure 95 as a white solid (60 mg, 68%). 1H NMR (CDCl3, 500 MHz) δ 8.57
(s, 2H), 8.00-7.93 (m, 4H), 7.85-7.78 (m, 2H), 7.58-7.48 (m, 4H), 7.38 (d, J = 8.4 Hz, 2H), 7.167.10 (m, 2H), 3.02 (s, 1H). 13C NMR (CDCl3, 126 MHz) δ 146.93, 138.76, 132.87, 129.88, 128.54,
127.93, 127.26, 126.94, 126.37, 126.00, 125.27 (q, J = 3.7 Hz, CF3), 125.04, 124.81, 78.02. LDIMS m/z: 457.8 [M]+.
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13H-dibenzo[b,i]thioxanthen-13-ol (98): To a suspension of 80 (42 mg, 0.13 mmol) in 95%
ethanol (5 mL) was treated with sodium borohydride (50 mg, 1.34 mmol). The reaction mixture
was refluxed for 6 h under argon. Then it was cooled to room temperature and water (5 mL)
was added to quench the reaction. The resulting precipitate was washed with water to yield 98
as a white solid (26 mg, 62%). 1H NMR (CDCl3, 500 MHz) δ 8.15 (s, 2H), 8.01 (s, 2H), 7.93-7.85 (m,
2H), 7.82-7.76 (m, 2H), 7.55-7.42 (m, 4H), 5.88 (d, J = 7.0 Hz, 1H), 2.79 (d, J = 7.0 Hz, 1H). 13C
NMR (CDCl3, 101 MHz) δ 136.50, 132.77, 132.35, 129.73, 128.17, 127.03, 126.91, 126.18,
125.88, 124.92, 72.56. MALDI-MS m/z: 314.1 [M]+.
13-Phenyldibenzo[b,i]xanthen-6-ium tetrafluoroborate (99): To a solution of 83 (41 mg, 0.11
mmol) in CH2Cl2 (5 mL) was added HBF4·Et2O (0.09 mL, 0.66 mmol) under room temperature.
The reaction mixture immediately turned from yellow to deep red and was further stirred for 5
h. Ether (12 mL) was carefully placed on the reaction mixture. Slow diffusion (12 h) led to the
formation of the precipitate which was filtered and washed with ether. The resulting solid was
dried in the vacuum oven (65 °C, 6h) to give the product as a dark purple solid (48 mg, 99%
yield). 1H NMR (CD3CN, 400 MHz) δ 8.97 (s, 2H), 8.62 (s, 2H), 8.30-8.22 (m, 4H), 8.06-7.98 (m,
3H), 7.96-7.91 (m, 2H), 7.88 (dt, J = 7.2, 1.5 Hz, 2H), 7.72 (ddd, J = 8.0, 6.8, 1.1 Hz, 2H). 13C NMR
(CD3CN, 101 MHz) δ 181.34, 153.02, 143.46, 140.54, 136.91, 133.69, 132.75, 132.56, 132.42,
130.10, 128.87, 128.57, 123.35, 115.38. MALDI-MS m/z: 357.3 [M-BF4]+. HRMS (ESI) m/z =
357.1260 [M-BF4]+, calcd m/z = 357.1274 (Error = 4.0 ppm). UV-Vis-NIR: λmax (CH2Cl2) = 233, 299,
451, 519, 555, 730, 804 nm.
14-Phenyldibenzo[a,i]xanthen-7-ium tetrafluoroborate (100): To a solution of 82 (37 mg, 0.10
mmol) in CH2Cl2 (5 mL) was added HBF4·Et2O (0.09 mL, 0.65 mmol) under room temperature.
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The reaction mixture immediately turned from yellow to deep red and was further stirred for 5
h. Ether (12 mL) was carefully placed on the reaction mixture. Slow diffusion (12 h) led to the
formation of the precipitate which was filtered and washed with ether. The resulting solid was
dried in the vacuum oven (65 °C, 6h) to give the product as a dark green solid (41 mg, 93%
yield). 1H NMR (CD3CN, 400 MHz) δ 9.00 (d, J = 9.2 Hz, 1H), 8.87 (s, 1H), 8.76 (s, 1H), 8.36 (d, J =
8.6 Hz, 1H), 8.29-8.19 (m, 3H), 8.03-7.86 (m, 4H), 7.84-7.73 (m, 2H), 7.66-7.59 (m, 2H), 7.55
(ddd, J = 8.7, 7.2, 1.5 Hz, 1H), 7.37 (d, J = 8.6 Hz, 1H).

13

C NMR (101 MHz, CD3CN) δ 172.12,

166.67, 152.79, 150.10, 140.18, 136.07, 135.22, 134.32, 133.15, 133.11, 132.59, 132.50, 132.46,
131.56, 131.47, 130.57, 130.49, 129.23, 129.06, 128.70, 128.55, 124.08, 122.69, 119.53, 115.90.
MALDI-MS m/z: 357.4 [M-BF4]+. HRMS (ESI) m/z = 357.1270 [M-BF4]+, calcd m/z = 357.1274
(Error = 1.7 ppm). UV-Vis-NIR: λmax (CH2Cl2) = 247, 305, 406, 500 nm.
13-Mesityldibenzo[b,i]xanthen-6-ium tetrafluoroborate (101): To a solution of 85 (29 mg, 0.07
mmol) in CH2Cl2 (4 mL) was added HBF4·Et2O (0.05 mL, 0.35 mmol) under room temperature.
The reaction mixture immediately turned from yellow to deep red and was further stirred for 5
h. Ether (10 mL) was carefully placed on the reaction mixture. Slow diffusion (5 h) led to the
formation of the precipitate which was filtered and washed with ether. The resulting solid was
dried in the vacuum oven (60 °C, 3 h) to give the product as a dark purple solid (26 mg, 77%
yield). 1H NMR (CD3CN, 400 MHz) δ 9.00-7.20 (broad and indiscernible aromatic signals), 2.56 (s,
3H), 1.91 (s, 6H).

13

C NMR (CD3CN, 101 MHz) δ 142.47, 129.87, 21.43, 20.40. MALDI-MS m/z:

399.8 [M-BF4]+. HRMS (ESI) m/z = 399.1734 [M-BF4]+, calcd m/z = 399.1743 (Error = 2.4 ppm).
UV-Vis-NIR: λmax (CH2Cl2) = 231, 299, 451, 521, 558, 723, 807 nm.
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13-(4-(Dimethylamino)phenyl)dibenzo[b,i]xanthen-6-ium (102): To a solution of 87 (10 mg,
0.024 mmol) in CH2Cl2 (1 mL) was added HBF4·Et2O (0.02 mL, 0.12 mmol) under room
temperature. The reaction mixture immediately turned from yellow to deep red and was
further stirred overnight. Ether (3 mL) was carefully placed on the reaction mixture. Slow
diffusion (12 h) led to the formation of the precipitate which was filtered and washed with
ether. The resulting solid was dried in the vacuum oven (60 °C, 4 h) to give the product as a
black solid which was not pure and contained lots of starting materials.
5,13-Diphenyldibenzo[b,i]xanthen-6-ium tetrafluoroborate (103): To a solution of 88 (49 mg,
0.11 mmol) in CH2Cl2 (4 mL) was added HBF4·Et2O (0.08 mL, 0.55 mmol) under room
temperature. The reaction mixture immediately turned from yellow to deep red and was
further stirred for 5 h. Ether (12 mL) was slowly added to the reaction mixture. The formed dark
purple precipitate was collected by vacuum filtration and washed with ether. The resulting solid
was dried in the vacuum oven (60 °C, 3h) to give the product as a dark purple solid (25 mg, 44%
yield). 1H NMR (CD2Cl2, 500 MHz) δ 8.96 (s, 1H), 8.89 (s, 1H), 8.34 (s, 1H), 8.26 (d, J = 8.5 Hz, 1H),
8.19 (d, J = 8.6 Hz, 1H), 8.13 (d, J = 8.5 Hz, 1H), 8.07-7.92 (m, 6H), 7.91-7.86 (m, 2H), 7.78-7.71
(m, 5H), 7.69-7.64 (m, 2H). 13C NMR (126 MHz, CD2Cl2) δ 180.31, 152.56, 149.18, 143.31, 142.33,
139.38, 139.11, 136.84, 136.69, 133.75, 132.78, 132.58, 132.40, 132.34, 132.01, 131.94, 131.46,
130.04, 129.86, 129.75, 128.87, 128.61, 128.28, 127.12, 122.39, 115.58. MALDI-MS m/z: 433.9
[M-BF4]+. HRMS (ESI) m/z = 433.1610 [M-BF4]+, calcd m/z = 433.1587 (Error = -5.3 ppm). UV-VisNIR: λmax (CH2Cl2) = 232, 303, 453, 531, 565, 746, 818 nm.
13-Mesityl-5-phenyldibenzo[b,i]xanthen-6-ium tetrafluoroborate (104): To a solution of 89 (18
mg, 0.037 mmol) in ether (1 mL) was added HBF4·Et2O (0.05 mL, 0.37 mmol) under room
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temperature. The reaction mixture immediately turned from yellow to deep red and was
further stirred for 6 h. Due to good solubility, 102 could not be precipitated out by either using
hexanes or benzene. The solvent was removed under vacuum to obtain the crude product as a
viscose oil which was washed with hexanes and dried in the vacuum oven (55 °C, 6 h) to give
the unpurified product as a dark purple solid (21 mg, quantitative yield). 1H NMR (CD2Cl2, 500
MHz) δ 9.10-7.90 (broad and indiscernible aromatic signals), 7.84-7.73 (m, 5H), 7.72-7.65 (m,
2H), 7.35 (s, 2H), 2.60 (s, 3H), 1.96 (s, 6H). 13C NMR (CD2Cl2, 126 MHz) δ 142.81, 132.36, 131.42,
129.98, 129.90, 129.79, 21.73, 20.72. MALDI-MS m/z: 475.5 [M-BF4]+. HRMS (ESI) m/z =
475.2081 [M-BF4]+, calcd m/z = 475.2056 (Error = -5.1 ppm). UV-Vis-NIR: λmax (CH2Cl2) = 230, 304,
452, 533, 568, 748, 820 nm.
13-Phenyldibenzo[b,i]thioxanthen-6-ium tetrafluoroborate (105): To a solution of 90 (50 mg,
0.13 mmol) in CH2Cl2 (3 mL) was added HBF4·Et2O (0.09 mL, 0.65 mmol) under room
temperature. The reaction mixture immediately turned from yellow to deep red and was
further stirred for 5 h. Ether (10 mL) was carefully placed on the reaction mixture. Slow
diffusion (14 h) led to the formation of the precipitate which was filtered and washed with
ether. The resulting solid was dried in the vacuum oven (55 °C, 8 h) to give the product as a dark
purple solid (41 mg, 68% yield). 1H NMR (CD2Cl2, 400 MHz) δ 9.06 (d, J = 6.0 Hz, 4H), 8.25 (d, J =
8.5 Hz, 2H), 8.15 (d, J = 8.6 Hz, 2H), 8.08 (ddd, J = 8.3, 6.7, 1.2 Hz, 2H), 8.00-7.93 (m, 1H), 7.937.85 (m, 2H), 7.79 (ddd, J = 8.2, 6.7, 1.1 Hz, 2H), 7.74-7.64 (m, 2H). 13C NMR (101 MHz, CD2Cl2) δ
179.05, 143.79, 138.85, 138.78, 136.84, 135.31, 133.14, 132.21, 132.03, 130.91, 129.53, 127.90,
127.39, 126.17. MALDI-MS m/z: 373.4 [M-BF4]+. HRMS (ESI) m/z = 373.1069 [M-BF4]+, calcd m/z
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= 373.1045 (Error = -6.2 ppm). UV-Vis-NIR: λmax (CH2Cl2) = 240, 324, 449, 523, 557, 745, 822 916
nm.
13-Mesityldibenzo[b,i]thioxanthen-6-ium tetrafluoroborate (106): To a solution of 91 (41 mg,
0.095 mmol) in CH2Cl2 (3 mL) was added HBF4·Et2O (0.07 mL, 0.48 mmol) under room
temperature. The reaction mixture immediately turned from yellow to deep red and was
further stirred for 6 hours. Ether (12 mL) was carefully placed on the reaction mixture. Slow
diffusion (11 h) led to the formation of the precipitate which was filtered and washed with
ether. The resulting solid was dried in the vacuum oven (60 °C, 8 h) to give the product as dark
purple crystals (36 mg, 76% yield). 1H NMR (CD2Cl2, 400 MHz) δ 9.80-7.00 (broad and
indiscernible aromatic signals), 2.61 (s, 3H), 1.83 (s, 6H). 13C NMR (CD2Cl2, 101 MHz) δ 142.07,
129.87, 21.72, 20.48. 1H NMR (CD2Cl2, 500 MHz, after rise to room temperature from -27 °C
(Figure 26) in VT-NMR) δ 9.13 (s, 2H), 8.97 (s, 2H), 8.28 (d, J = 8.5 Hz, 2H), 8.15 (d, J = 8.6 Hz, 2H),
8.13-8.05 (m, 2H), 7.80 (ddd, J = 8.4, 6.8, 1.0 Hz, 2H), 7.32 (s, 2H), 2.61 (s, 3H), 1.82 (s, 6H). 13C
NMR (CD2Cl2, 126 MHz, after rise to room temperature from -27 °C (Figure 26) in VT-NMR) δ
181.96, 142.06, 141.48, 139.24, 138.62, 136.77, 136.42, 133.74, 132.10, 131.96, 129.83, 129.59,
128.05, 127.05, 126.68, 21.73, 20.50. LDI-MS m/z: 415.3 [M-BF4]+. HRMS (ESI) m/z = 415.1540
[M-BF4]+, calcd m/z = 415.1515 (Error = -6.0 ppm). UV-Vis-NIR: λmax (CH2Cl2) = 242, 324, 448, 525,
558, 736, 819 916 nm.
13-(2,6-Dimethylphenyl)dibenzo[b,i]thioxanthen-6-ium tetrafluoroborate (107): To a solution
of 92 (32 mg, 0.076 mmol) in CH2Cl2 (4 mL) was added HBF4·Et2O (0.052 mL, 0.38 mmol) under
room temperature. The reaction mixture immediately turned from yellow to deep red and was
further stirred for 5 hours. Ether (12 mL) was carefully placed on the reaction mixture. Slow
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diffusion (17 h) led to the formation of the precipitate which was filtered and washed with
ether. The resulting solid was dried in the vacuum oven (60 °C, 10 h) to give the product as dark
purple crystal flakes (32 mg, 86% yield). 1H NMR (CD2Cl2, 400 MHz) δ 9.50-7.40 (broad and
indiscernible aromatic signals), 7.72 (t, J = 7.6 Hz, 1H), 1.86 (s, 6H). 13C NMR (CD2Cl2, 101 MHz) δ
131.69, 129.14, 20.58. LDI-MS m/z: 401.8 [M-BF4]+. UV-Vis-NIR: λmax (CH2Cl2) = 242, 324, 450,
520, 560, 734, 822 919 nm.
13-(4-Methylphenyl)dibenzo[b,i]thioxanthen-6-ium tetrafluoroborate (108): To a solution of
93 (31 mg, 0.077 mmol) in CH2Cl2 (4 mL) was added HBF4·Et2O (0.05 mL, 0.39 mmol) under
room temperature. The reaction mixture immediately turned from yellow to deep red and was
further stirred for 5 hours. Ether (12 mL) was carefully placed on the reaction mixture. Slow
diffusion (12 h) led to the formation of the precipitate which was filtered and washed with
ether. The resulting solid was dried in the vacuum oven (60 °C, 10 h) to give the product as a
dark purple solid (22 mg, 61% yield). 1H NMR (CD2Cl2, 400 MHz) δ 9.09 (s, 2H), 9.02 (s, 2H), 8.24
(d, J = 8.5 Hz, 2H), 8.15 (d, J = 8.6 Hz, 2H), 8.07 (t, J = 7.6 Hz, 2H), 7.84-7.75 (m, 2H), 7.69 (d, J =
7.7 Hz, 2H), 7.60 (d, J = 7.7 Hz, 2H), 2.71 (s, 3H). 13C NMR (CD2Cl2, 101 MHz) δ 179.81, 144.01,
143.42, 138.75, 138.58, 136.70, 133.08, 132.50, 132.02, 131.29, 130.18, 129.43, 127.86, 127.50,
126.07, 22.08. LDI-MS m/z: 387.7 [M-BF4]+. UV-Vis-NIR: λmax (CH2Cl2) = 239, 324, 447, 520, 555,
757, 815, 909 nm.
13-(4-Methoxyphenyl)dibenzo[b,i]thioxanthen-6-ium tetrafluoroborate (109): To a solution of
94 (13 mg, 0.031 mmol) in CH2Cl2 (2 mL) was added HBF4·Et2O (0.043 mL, 0.31 mmol) under
room temperature. The reaction mixture immediately turned from yellow to deep red and was
further stirred for 5 h. Ether (6 mL) was carefully placed on the reaction mixture. Slow diffusion
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(12 h) led to the formation of the precipitate which was filtered and washed with ether. The
resulting solid was dried in the vacuum oven (55 °C, 10 h) to give the product as dark purple
solid (7 mg, 47% yield) which contained lots of starting material. 1H NMR (CD2Cl2, 400 MHz) δ
9.15 (s, 2H), 8.98 (s, 2H), 8.23 (d, J = 8.5 Hz, 2H), 8.18 (d, J = 8.6 Hz, 2H), 8.07 (t, J = 7.6 Hz, 2H),
7.79 (t, J = 7.5 Hz, 2H), 7.69 (d, J = 8.1 Hz, 2H), 7.41 (d, J = 8.0 Hz, 2H), 4.11 (s, 3H). MALDI-MS
m/z: 403.3 [M-BF4]+. HRMS (ESI) m/z = 403.1131 [M-BF4]+, calcd m/z = 403.1151 (Error = 4.9
ppm). UV-Vis-NIR: λmax (CH2Cl2) = 235, 324, 444, 522, 551, 743, 810, 906 nm.
13-(4-(Trifluoromethyl)phenyl)dibenzo[b,i]thioxanthen-6-ium tetrafluoroborate (110): To a
solution of 95 (51 mg, 0.11 mmol) in CH2Cl2 (4 mL) was added HBF4·Et2O (0.08 mL, 0.55 mmol)
under room temperature. The reaction mixture immediately turned from yellow to deep red
and was further stirred for 5 h. Ether (12 mL) was carefully placed on the reaction mixture. Slow
diffusion (12 h) led to the formation of the precipitate which was filtered and washed with
ether. The resulting solid was dried in the vacuum oven (60 °C, 9 h) to give the product as a dark
purple solid (54 mg, 92% yield). 1H NMR (CD2Cl2, 400 MHz) δ 9.12 (s, 2H), 8.92 (s, 2H), 8.26 (d, J
= 8.5 Hz, 2H), 8.17 (d, J = 8.3 Hz, 4H), 8.09 (t, J = 7.7 Hz, 2H), 7.89 (d, J = 7.9 Hz, 2H), 7.80 (t, J =
7.7 Hz, 2H). 13C NMR (101 MHz, CD2Cl2) δ 175.99 (C-13), 126.74 (q, J = 3.6 Hz, CF3). LDI-MS m/z:
441.7 [M-BF4]+. UV-Vis-NIR: λmax (CH2Cl2) = 243, 324, 455, 530, 565, 764, 837 945 nm.
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CHAPTER 3
Summary and conclusions
3.1 Summary
3.1.1 Summary of syntheses
Linearly extended pyrylium salts (LEPS) and linearly extended thiopyrylium salts (LETS)
were synthesized within six steps in moderate to high yields in each step.
An LDA-mediated ring closure reaction was successfully applied in the syntheses of
dibenzoxanthone intermediate 38 and dibenzothioxanthone intermediate 80. In this way, linear
dibenzoxanthone 38 and its bent isomer 42 were generated in a 1:1 molar ratio. The separation
is difficult due to their similar polarities and poor solubilities. However, linear
dibenzothioxanthone 80 and its bent isomer 81 were generated in a 4:1 molar ratio and they
were readily separated because of their highly different solubilities.
Two regiospecific synthetic routes were attempted for dibenzoxanthone intermediate
38. Synthesis through tandem intermolecular nucleophilic coupling involving a naphthalyne
intermediate was successful to generate 38 regiospecifically in low yield. Synthesis through Pdcatalyzed annulation was not successful due to difficulties in synthesizing and purifying the 2,3dibromonaphalene intermediate.
Through an LDA-mediated ring closure reaction, linear dibenzoxanthone 74 was
synthesized from α-phenyl blocked amide intermediate 73 in high yield and without forming
any bent isomer.
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A series of dibenzoxanthenol and dibenzothioxanthenol intermediates for LEPS and LETS
compounds were successfully synthesized either by hydride reduction or nucleophilic
organolithium attack at the carbonyl groups of the corresponding dibenzoxanthones and
dibenzothioxanthone. Lithium-halogen exchange for 4-dimethylamino phenyl bromide is low
yielding, hindering formation of the corresponding dibenzoxanthenol intermediate 87.
By treating the dibenzoxanthenols and dibenzothioxanthenols with non-oxidative
fluoroboric acid, a series of LEPS and LETS compounds were generated in moderate to high
yield.
3.1.2 Summary of properties
The LEPS and LETS compounds show moderate to good solubilities in organic solvents
like acetonitrile and dichloromethane. The nature and number of phenyl substituents
determine the solubility of LEPS and LETS compounds. LEPS 104 with one mesityl and one
phenyl substituent shows excellent solubility in several organic solvents including diethyl ether
which is typically applied to precipitate other pyrylium salts. Thus, purification by precipitation
and solvent washing was difficult for 104.
Depending on their substituents, LEPS and LETS compounds show variable sensitivity to
moisture. Placing mesityl or 2’,6’-dimethylphenyl substituents at the C-13 position of LEPS and
LETS compounds improves their resistance to moisture compared to other LEPS and LETS
compounds. This is due to the steric shielding of the C-13 position by the o-methyl groups.
LEPS and LETS compounds all have a formal positive charge delocalized in their
extended π-systems. Likewise, a downfield shifting of aromatic 1H NMR signals is observed
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compared to those of their alcohol precursors. This highly delocalized, electron deficient πsystem may be ideal for some n-type organic semiconductor applications.
LEPS 99 showed reversible electrochemical behavior in its cyclic voltammograms. A
redox wave centered at approximately +270 mV (vs. Ag/AgCl) was found, indicating that its
reduction is remarkably easy. The observed reversibility is necessary for high-performance
organic semiconductor application.
All synthesized dibenzoxanthone and dibenzothioxanthone intermediates have strong
absorptions and emissions in the UV-Vis region. Dibenzothioxanthone has obviously red-shifted
absorptions and emissions compared to the corresponding dibenzoxanthone. Dibenzoxathone
with phenyl substituent has only a slightly red-shifted absorptions and emissions compared to
the dibenzoxathone without, indicating that the phenyl substituent is twisted relative to the
backbone thus minimizing conjugation.
The synthesized LEPS and LETS compounds show broad and strong absorptions in the
UV-Vis-NIR region. LETS compounds have red-shifted absorptions compared to the
corresponding LEPS compounds, especially for the broad peak extended to the NIR region. The
optical HOMO-LUMO gaps for LEPS 99 and LETS 105 are both approximately 2.1 eV. This value
is also close to the HOMO-LUMO gap of pentacene. The absorptions of LEPS and LETS
compounds are similar regardless of the phenyl substituents, indicating that the phenyl
substituents sit far from co-planar with respect to the backbone. Thus, the phenyl substituents
contribute very little to the overall conjugation.
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Single crystal X-ray diffraction studies indicate that several LEPS and LETS compounds
show slight curvature in their backbones, particularly those with 2’,6’-dimethylphenyl or mesityl
or multiple phenyl substituents. Also, intermolecular face to face π-π stacking was observed in
the crystal packing of LEPS and LETS compounds, which is essential for intermolecular electron
transfer in solid state devices.
Broad NMR signals were observed for mesityl and 2’,6’-dimethylphenyl substituted LEPS
and LETS compounds indicating paramagnetic character. Strong ESR signals were detected for
mesityl substituted LEPS and LETS compounds, while weak to moderate ESR signals were
observed for other LEPS and LETS compounds that showed sharp NMR signals. VT-NMR studies
for LETS 106 in CD2Cl2 revealed that 106 likely has a low lying triplet excited state that is readily
accessed at room temperature.
3.2 Conclusions and outlook
With broad absorption in the UV-Vis-NIR region, low HOMO-LUMO gap, delocalized
electron-deficient backbone and face to face π-π stacking, both LEPS and LETS compounds
show promise as a new category of high-performance n-type organic semiconductors. Also,
since LEPS and LETS compounds show good solubilities in organic solvents, economic and highly
efficient solution-based manufacturing processes (e.g., high speed printing) for organic
electronic devices could be achieved. The paramagnetic character for some LEPS and LETS
compounds is exciting and potentially advantageous for some applications. However, advanced
ESR techniques should be utilized in the future to fully elucidate their electronic structures.
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By combining LEPS and LETS compounds as n-type organic semiconductors with highperformance p-type organic semiconductors like polythiophene, pentacene and their
derivatives. High-performance organic electronics could potentially be fabricated at high rates
and over large areas.
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